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HYPERSONIC FLIGHT SIMULATION: AERODYNAMICS
by
J. Leith Potter
von Karman Gas Dynamics Facility

ARD, Inc.

INTRODUCTION

In this lecture en attempt is made to partially assess the current
status and direction of laboretory simulation of the aserodynamics of
full-scale, hypefsonic flight. Problems of simulat;onlrelated to
establishing satisfactory flow fields and the determination of the
basic aerodynamic quantities consisting of pressures, forces, and
moments, on scale models in these laboratory environments are dis-
cussed. Ih addition, some questions arising in extending scale-model
date to full-scale are noted. Other important hypersonic simulation

problems are the subjects of later lecturers.

The Role of Aerodynamic Simulation

Inasmuch as the role of simulation in hypersonic aerodynamies
has elways seemed rather clearly esiablished, it was a temptation to

give that aspect of the subject only little attention. After all, the
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Wright brothers used a wind tunnel such as the replica shown in Fig.
1. However, opinions recently have been voiced which imply that
hypersonics as a research subject is rapidly losing its importance.
At the risk of assuming excessive authority, the speaker will venture
to place those remarks in which he believes to be the proper context.
More specifically, it does seem true that many of the problems
faced by designers of aerospace vehicles once again lie between the
subsonic and low-supersonic speed regimes., Examples may be found in
the landing of lifting bodies returning from space, drag reduction
of supersonic trensports, inlet design for air bfeathing engines,
and transonic and supersonic aero-thermo-elastic problems, to name
only a few. There is now reasonably adequate understanding, though
not necessarily a design solution or precise method of calculation,
‘of most of the well-known hypersonic flow phenomena,~e;é., low 1ift-
to—d;ag ratios and high heating rates. This circumstence exists, in
part, because of the degree of Mach number independence and the strong-
shock simplifications in hypersonic flow, the ;ssentially perfect-gas
behavior which mey be assumed in a large range of hypersonic asero-
dynamic problems, and & formidable effort involving skilled manpower
and experimental facilities. VThus, it is not unreasonable to conclude,
as others have done, that the unsolved problems in subsonic, tran-
sonic, and supersonic flow regimes deserve renewed attention. Further~
more, simulation facilities for these regimes are few in number and
sometimes inadequate when tests of unusual new configurations are

desired, e.g., V/STOL craft. On the contrary, if one overlooks several
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significant points, it may seem that hypersonic wind tunnels pro-
viding Mach numbers of 5 to 25 are available in adequete numbers. The
significant points alluded to in the last sentence refer to the rather
general failure of these current hypersonic tunnels to provide real-
gas simulation and the full-scale free-flight range of highest and
lowest Reynolds numbers.

Clearly, it mey be said that certein by-passed aerodynamic pro=-
blems related to lower-speed flight indeed deserve renewed attention
at the possible expense of effort in hypersonic areas. Also, except
for conditions of extreme Reynolds numbers, perfect-gas leboratory
simulation facilities seem adeguate. Development of facilities sub-
stantially simulating real-gas effects of super-orbital speeds and
permitting collection of all needed data represents a great difficulty,
and much remains to be done. Following from these statements, the need
for construction of new hypersonic aerodynamic simulation facilities
appears diminished in the category of facilities which provide Mach
number but not extreme Reynolds number or real-gas simulation. On
the other hand, the role of newer facilities having the capability to
simulate less well explored areas of hypersonic aerodynamics cannot
beooverlooked when we know that the first craft planned to return to
Earth from lunar and interplanetery flights must be very conservatively
designed and inefficlent owing to lack of precise aerodynamic data.

For example the severe requirements pertaining to guidance accuracy
for shallow-angle entry and aerodynamic braking in planetary atmos-

pheres may be relieved by further improvements in lift-to-drag ratios
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of hypersonic bodies. Also, there now exists roughly a :_ho percent
scatter in heat transfer rates measured at velocities above 20,000 fps.
As in the past, it is expected that simulation, more often only partial
simulation, in aerodynamic laboratories will providé a large share of
the necessary knowledge.

Of course, it is obvious that ground besed laboratories alone can-
not enable the eccomplishment of every investigation. AFor example,
composition and properties of planetary atmospheres are better estab-
lished by flight of survey vehicles. Also, as long &8 ground facilities
are deficient in speed generated, or in simulation of any other im-
portant parameter, certain free-flight experiments are needed. A most
interesting example is the use of recorded meteor luminosity and tra-
Jectory data to deduce heating rates as described by H. J. Allen in
Ref. 1, pp. 1-kl.

It may be assumed that the foregoing stetements too strongly re-
flect one individual's personal beliefs., The lecturer is fortunate in
being able to refer to & written account of e panel discussion which
dealt largely with the role of simulation facilities (Ref. 1, pp. Th5-
778). Study of that source is recommended. Somebof the strong and
weak points of laboratory simulation vis-a=-vis full-scale free-flight
are brought out, and the substantial role of aerodynamic simuletion in
future developments is clearly indicated in the discussion which is
reported in Ref. 1.

No single type of experimental facility stands above all others.
Certain types of simulation devices have earned roles that will remain

well established although their further development seems of limited
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importence. Attention is here confined to facilities not now abund-
antly represented in the femily and vhich are needed to support hyper-

sonic flight of aerospace vehicle.
FLOW FIELDS

This section is deyoted to discussing some of the problems of
creating in a leboratory the types of flow fields necessary for
edequately simulating the aerodynamics of hypersonic flight., As a
prelude to this task, it is obvious that the flow~field conditions
expected in full-scale free~-flight must be estaeblished as accurately
as possible. In a fine display of foresight, the organizers of this
Conference laid the groundwork for this year's meeting, beginning
with the 1961 Conference on Physics of the Solar System and Reentry
Dynamics (Ref. 2).

References 1410*, including the work of many authors, represent
a few of the more general or documentary sources of information on
characteristics of flow fields and aerodynamic problems relevant to
hypersonic flight. Many more references are listed therein. Although
not sll of the included papers pertain to flow fields under hypersoﬁic
conditions, knowledge useful in regard to low-density aerodynamic

simulation alsoc may be found in Refs. 11-1l, which concern the past

*

Here, as in other parts of these notes, no pretense of an ex-
haustive reference list is intended. Where possible, only more recent
publications are indicated.
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four Bymposie on Rarefied Gas Dynemics.

The remainder of this section is devoted to discussion of scme
selected problems which arise in trying to produce laboratory flow
fields for simuleting real-gas and either high~ or low-Reynolds number
phenomena under hypersonic conditions. Actually, many of the com=-
ments apply to general aerodynamic leboratory experimentation. Be-
cause 80 much has been written lately concerning simulation of real-
gas effects, the problems of simulation related to extremes in Reynolds
number, particulerly low Reynolds number, will receive most attention.
This arrangement recognizes not only the areas of discussion wherein
the lecturer is afforded an opportunity to mention his own work, but
also the close connection between real-gaes phenomene and the topics
of later lecturers. References are cited for more extensive and de-

tailed information.

Real-Gas Effects in Aerodynamic Simuletion

Although not proposed to be discussed at any length in the present
lecture, it is impossible to ignore real-gas effects which are related
to other questions to be addressed at this time. Those not familiar
with the general subject of real-gas and nonequilibrium processes in
gas dynamics simulation will find numerous earlier sources of infor-
mation, e.g., the papers in the sections entitled "Experimental Tech~

nigues" in Ref. 3 (particularly the paper by Hertzberg, et al.) or in

Refs. 1, 4, 5, and 11-19. The paper by Lordi end Mates, listed but
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not included in Ref. 16, is of much interest. It has been published
as Ref. 20. Bubsequent lecturers will, no doubt, sdd to these ref-
erences.

Real-gas effects often would not be such a problem to aerodynam-
icists if thermo-chemical nonequilibrium of the gas medium were not
encountered. Because the degree of ﬁonequilibrium is a function of
the number of collisions allowed among gas particles in-e flow field,
both density and scale are important. Thus, the possibility of non-
equilibrium forces us to consider duplicating free-flight flow fields
to an extent not previously necessary. Figure 2 shows the altitude-
velocity regime of nonequilibrium chemical-kinetics for conditions
representative of a blunt-nose stagnation region in the Earth's atmos-
phere. The lecturer knows of no complete scaling for nonequilibrium
flow, Then, to produce the free-flight flow fields for cases falling
within the nonequilibrium regions, the lsboratory facility mﬁst eg~
sentially_duplicate not only the flow-field conditions but also the
flow-field dimensions! While it may be shown that certain conditions
sometimes permit relaxation of this extreme stend in regard to sim-
ulation, the general situation is as difficult as the previous sta?e-
ment implies. Figure 3, prepared by C. H. Lewis of ARO, Inc., shows
the map of isentropic stagnation pressures and temperatures correspond-
ing to flight in part of the regimes covered in Fig. 2. Comparison of
these figures leads to the immediate conclusion that the conditions
required for duplicating the higher free-flight speeds become im-
possible for conventional wind tunnels wherein a high-pressure, high-

temperature gas 1s expanded from & reservoir to hypersonic speeds.
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‘This is demonstrated by Fig. 4, which is representative of
current technology insofar as one of the major problems in wind
tunnel design is concerned. Even the impulse-~type tunnels cannot
achieve the levels of total pressure and temperature desired. There
is one type of facility that can far exceed others in this respect,
namely the aero-ballistic range. However, difficulty of measure-
ing local flow quantities on the model or in its flow fieldigreatly
reduces the utility of aero-ballistic ranges. Actually, ancther type
of facility should be included in this category; the counterflow
system vwhere a gun fires = model upstream in the expanded flow of a
shock tunnel has many of the advantages and handicaps of an aero-
ballistic range. Since none of these devices satisfy all requirements
and each possesses certain advantages and disadvantages when compared
with others, there is need to use all types. It is not necessary to
dwell on the economic aspects of construction of large or long-run-
ning wind tunnels capable of high pressures, temperatures, and Mach
nunbers simultaneously.

Even if it is accepted that full matching of flow-field conditions
is not now feasible when the more extreme speeds are of concern, much
trouble remains in producing wind tunnel conditions thet legitimately
qualify as "hypervelocity." If we consider that term to denote speeds
great enough to create significant real-gas effects, say dissociation
in the shock layer of a model, it is likely that dissociation and vi-
brational excitation must exist in the setting section of the wind tunnel.

Under such circumstances, it mey often be found the recombination or
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even the speedier relaxation of vibration does not keep pace with the
decrease in translational and rotational temperatures as the gas ex-
pands down a hypersonic nozzle of reasonable length.

When one tests under conditions wherein nonequilibrium may be a
factor, calibration of the nozzle flow is more difficult and requires
far more work by the serodynamicist. Some examples of calibration
procedures used mey be found in Refs. 16, 21 - 23. Low densities and
high Mach numbers further complicate the diagnosis of reel-gas flows
because they make certain measurements difficult.

High reservoir pressures are the best medicine for nonequilibrium
troubles in wind tunnel flows, but there are practical limits. Figure
5, available through the courtesy of J. D. Whitfield of ARO, Inc., shows
how the required wind tunnel reservoir pressure increases with test
section velocity if.nonequilibrium is avoided or minimized. The
assumed gas is air and only oxygen dissociation is considered. %0
represenﬁs the mass fraction of oxygen dissociation. The method of
calculation is that of Bray {Ref. 24) and is based on the approximation
of & sudden freezing process in the ‘noxxle.

A way was suggested in Ref. 25 to account for the influence of
embient dissociation of a simple diatomic gas, as might exist in a
wind tunnel using nitrogen as the test medium. This method consists
of subtracting the embient degree of dissociation from the free-flight
shock-layer dissociation under similar flow conditions. Another
scheme advanced to help the experimenter is the binary-scaling method

of Ref. 26.
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Analysis of nonequilibrium, high~enthalpy flows is complicated
by the necessity to take into account simulteneously the many reaction
processes and their interdependence. It has been suggested (Ref. 26)
that a scaling law for simulation of flows with coupled chemical
reactions is represented by the produce p L = const. when U_ =

const., if all chemical reactions occur through two-body, or binary,

collisions, In this case, L represents body scale (e.g., nose radius),
p, = freestream density, and ﬁm = freestream velocity. This procedure
is said to automatically scale the corresponding inviseid, afterbody
flows correctly at & given Mach number if either the latter are frozen
or else the three-body recombination remsins unimportent. Also, the
afterbody boundary-laeyer flow is correctly scaled by the same process
if atom diffusion dominates over recombination, correct surface con-
ditions ere maintained, and velocity and Mach number are duplicated.
The foregoing examples show the large part of the operating map
of aérospace ;ehicles wherein nonequilibrium, real-gas influences
mey exist, and the difficulty.of dupliceting flight conditions in
ldboratory facilities. The next task is the evaluation of the im-
portance of these matters in the determination of aerodynemic per-
formance of full-scale free-flight vehicles on the basis of lasboratory
experiments, i.e., is only partial simulation adequate? Fortunately,
the answer to this question often is a qualified yes, particularly
in regard to rarefied flows, which receive the most attention in

this lecture.
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SIMULATION OF RAREFIED FLOW FIELDS

It is the purpose of this section to offer some remarks on sero—
dynamic simulation in the particuler case of low-density, hypersonic
flows. Consideriné the scarcity of flight data, one can only partially
assess the validity of leboratory data at this time. Quite possibly,
we are on the verge of developments which could provide data in a~-
bundance. But, in view of the continuing deficiency in detailed full-
scale, free-flight results suitsble for critical comparison with tunnel
and range data, one should not anticipate any such sudden change in
circumstances. Comments pertaining to some aspects of the subject
follow, but first the present interpretations of the terms "low-density"
and "hypersonic" require a few words.

Here, and in other parts of this lecture, “hypersonic" is teken
to mean freestream numbers, M_, sufficient in regard to any particular
problem to epproximate closely the conditions of M_> 20. It is well
known that this requirement may sometimes be met vwhen M= 4 and in
other cases it is necessary that M _> 20. The lecturer wishes to suggest

that a reasonable eriterion for "low-density" is

A = 1.bo Mw/(gew/ in) =0 (0.02 in.).

vhere

>
i

mean free path in freestream

=
]

Mach number

=
(]

Reynolds number
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Note that the Knudsen number, A_/L~M _/Re_ .

Other definitions, including those not involving dimepsioné. mey be
proposed. However, note that unless a dimension is used in the de=
finition, any wind tunnel msay be called a low-density tunnel because
of the evident possibility of using very small models to achieve very
low Reynolds numbers regardless of test section conditions.

To further examine the low~density criterion advanced here, note
that A = 0.02 in. when the altitude in the Earth's atmosphere is
approximately 220,000 ft. If, st that altitude, the velocity is 20,000
fps, then Re_ = 20,000/ft and M_/v Re_/ft 0.1k, Neither blunt nor
sharp-nosed, full-scale bodies of typical size will experience pro-
nounced second-order effects of rarefied fiow under these condi;ions,
but increasing altitude will bring on rapidly growing effects.

Unfortunately, the suggested criterion is not really as preciée
as one would wish. The problem is much the same as that of defining
hypersqnic flow? because a low-density flow need only be as rare&ied
as the iarticular experiment requires. It is obvious that, by this
standard, only the indivdiual experimenter can decide if his is effective~
ly a low~density flow.

One additional remark concerning the flow regimes should be made.
Namely, because almost all cases of practicel interest are character~
ized by the "eold-wall" condition, it is very desirsble that low=-
density wind tunnel tests simulate situations where wall temperature

is well below adiasbatic recovery temperature.
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Real-Gas and Nonequilibrium Effects in Rarefied Flow

Thermo-chemical nonequilibrium more often becomes a factor when
low-density conditions exist. But a compensating feature in this
connection is that freezing of vibratory and dissociative energies
occurs more readily at low densities, making most of the rarefied-
flow regimes also essentially perfect-ges regimes. In the latter
case, much may be accomplished with wind tunnels and aeroballistic
ranges producing approximate Mach and Reynolds number simulation
without duplicating stagnation conditions or body dimensions. In
particular, pressures, forces, and moments, as well as heat transfer
rates, iﬁ meny cases are little affected by real-gas phenomena. This
state of affairs is more understandable when the factors determining

heating rates and pressures are reviewed.

Heat Transfer Rate - A very large percentage of the total enthalpy

may be represented'by 8 few percent dissociation. Heat trensfer rates
are determined by the difference between the generalized recovery en-
thalpy and the thermal enthalpy corresponding to surface temperature.
To be more specific, consider the leminar, axisymmetric, stagnation-
point, boundary-leyer flow discussed by Rosner in Ref. 27, among others.
He shows that the heat transfer rate at the stagnation point is:

3 = 0. g, u 0.1 0.5 -0.6
@ = 0.763 w (Bpeue) (PrA,f) &h {1 +

peue
0.6
4 [(Lef) - 1] Ah chen, eq/Ah :}
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The definitions of particular importence at this point are

&h = (he = hf,w) = (1-4¢)tn chem, eq

¢= (ue - uw) /ue = & chem/ th chem, eq

h_= total enthalpy at edge of boundary layer,
including chemicael contributions

l'xf w = chemically frozen enthalpy at the wall,
’ i.e., thermal enthalpy besed on wall

temperature
sh = change in chemical energy content
chem
across boundary layer
Ahchem, e = equilibrium value of Ahchem

It follows that the major influence of chemica.i processes on § is
represented by
Ah = (h

) -

+ -
e ht:hem, e hchem, eq.,e

(h )

+ -
f.w hchem, W hchem, eq, W

and

8B hem = hchem, e hr:hem, w

In otherwise equivalent cases, if recombination is completed to the
seme degree and if Ah is equal, these results imply that G will be
equal regardiess of whether recombination occurs in the boundary
layer or on the wall.

The importance of surface catalylicity in connection with dis-

sociated freestream flows should not be overlooked. Boundary layers,

even at stagnation points, are expected to be egsentially frozen
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throughout practically all of the low-density regime defined earlier
in these remarks, cf Refs. 6 and 27-30, but surface recombination may
remain effective. Thus, even if low densities do not permit apprec-
iable vibratory excitation or dissociation behind shock waves, portions
or all of any energy content of the freestream related to vibration
and dissociation may be transferred to the body surface. Therefore,
if such energies are frozen in the expansion of flows from tunnel
settling chambers, they must be accounted for in the interpretation

of test data.

An example of the effect of frozen dissocistion energy in the
expanding nozzle flow may be of interest. As an exploratory.experi-
ment, W. H. Carden and J. T. Miller, colleagues of the lecturer, have
measured the results given in Table 1. These data represent heat
transfer rates to hemispherical noses of electrical cooper in a heated,
slightly dissociated nitrogen stream. WNon-catalytic coatings of ortho-
phosphoric ecid wﬁre applied to the cooper model eas e viscous liguid
and allow;d to cure in the tunnel flow until a thin, solid coating
remained. This was soft enough to be removable by wiping with emery
paper. The & measured is the heat transfer rate for the entire hemis-
phere. Lees' distribution (ref. 31) is agsumed in conjunction with

Fay-Riddell theory (Ref. 32).
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Table 1

Heat Transfer Rates in Dissociated Flow Experiment

Run 1 Run 2
4
meas., clean surface . 0.99 0.96
%Fey-Riddell, 100% recomb.
“mea.s., coated surface . 0.67 0.63
Yray-Riddell, 100% recomb.
Spey-Riddell, 0% b
ay e recomb.
* - 0.5k 0.54

SFoy-Riddell, 100% recomb.

To see if the heating was reduced by mass transfer from the coai-
ing réther than reduced recombination, we conducted the same test a‘(".
equal total enthalpy, though somevhat lower impact pressure, in a
flow known from our measurements to have essentially no dissociation
in the nozzle flow. In that case coating the nose had no influence
on heat trensfer. Thus, we believe mass~transfer effects were neg-
ligible after the coating wes "cured." Prior to curing, there was a
measurable variation of heat transfer rate with time.-

We have dets from calorimeters which provide the value of total
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entalpy and can compute the active or equilibrium enthalpy from
known reservoir and nozzle throat conditions and the nitrogen Mollier
chart. Normally, the tunnel is operated at higher reservoir pressures

and no evidence of dissociated flow in the nozzle exists.

Pressure - It is easily demonstrated that nonequilibrium thermo~
chemical processes will affect pressures and, therefore, forces and
moments on aerodynamic bodies. However, evidence of this is hard
to find in experimental data, and it is interesting to comsider why
this is so.

First, regardless of optimistic predictions of performance, most
hypersonic wind tunnels are essentially perfect-gas tunnels. -Secondly,
only a few percent dissociation exists in the flow over slender, sharp
bodies in free-flight or tunhel flows. Therefore, the number of places
where one maey find relatively strong, aerodynamic evidence of dis-
sociation is greatly reduced. One such place would seem to be the
stagnation regions of blunt-nosed bodies in flight at high speeds
and at sltitudes low enough to permit dissociation to occur in the
shock layer. However, in the stagnation regions of bodies at hyper-
sonic speeds, pressures are meinly determined by the product pwaa,
where p_ = freestream density and U_ = freestream velocity. Thus,
presence or absence of dissociation in the shock layer will not great-
1y affect this pressure.

If the expansion around a blunt body withappreciable dissociation

in the stagnation region is a frozen expansion, under suitable conditions
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pressures will differ widely from those corresponding to an equilibrium
expansion (ef Ref. 30). It appears that this is the model to inves-
tigate if one wants to see nonequilibrium effects on pressures. How-
ever, based on the definition of low-density flow given earlier, it

is implied that blunt-nosed flows with appreciable dissociation in

the shock layer are not likely to be a prominent type of low-density
flow because, except at the lower part of the altitude range, densities
may be too low to enable dissociation to occur in the shock layer. What
does occur presumebly will remain largely frozen thereafter (ef Refs. 28
and 33).

From the foregoing, it appears that flight under hypersonic, low-
desnity conditions should be relatively free of real-gas effects because
thermo~chemical processes will most often be frozen. This means that
perfect-gas tunnels simulating Mach and Reynolds numbers with cold-
wall test conditions are suitable for most work. _

Aeroba.l_listic ranges appear to have some utility for investigation
of ¥'ea1-gas influences because they offer a means of producing high
speeds in low-density gases of known, controlled composition and the
binary scaling rule can be applied. The obvious handicep resulting
from having no direct, data-transmitting connection to the model and
difficulty of launching complex models at high speed, of course, greatly
reduces the advantage that would otherwise be gained by use of ranges

for study of real-gas effects.
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Some Typical Problems of Low-Density Flow

The last section certainly falls short of a complete analysis
of nonequilibrium effects, and the present section must be equaily
incomplete. Insofar as validity of test data or degree of simulation
is concerned, if one assumes that necessary molecular speed ratios and
Knudsen numbers sre achieved, there remein questions such as those con~
cerning moleculer speed distribution, gas-surface interactions, and the
techniques of accurate measurements in high-speed, possibly non-
continuum flows. These topics are sometimes so related that they can
be demonstrated in one example. The thermal transpiration phenomenon

is somewhat of this nature (see e.g., Ref 3L).

Thermomelecular Flow in Tubes -~ This phenomenon has received relatively

little attention in aeronautics. It mey become important in such tasks
as the measurement 6f very low pressures by means of a typical setup
whereby the orifice at the point where knowledge of the pressure is
desired is connected to the measuring instrument by a tube of small -
diemeter. If Knudsen number is sufficiently large and there is an
apprecieble temperature gradient along the tube, the condition of zero
mass flux along the tube does not correspond to equality of pressure
along the tube. Thus, the measurement is in error. The most recent
research on this subject has been reported by Arney and Bailey (Ref.
34). A typical example of the resulte of their investigation is given

in Fig. 6.
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Figure 6 represents a case vhere pressure at the cold end of &
tube is three-fourths the pressure at the hot end when the Knudsen
number is 10 and the temperatures differ by a factor of 1.955. 1In
the course of these experiments, four weeks' time was allowed for out-
gassing the apparatus which was maintained under vacuum at elevated
temperature during this period. Approximately + 5 percent scatter is
indicated by the data at higher Knudsen numbers, but it is noﬁeworthy
that this experimental scatter corresponds to only about *+ 0.5 micron
Hg. Based on data such as these, charts for use in estimating the

thermomolecular flow correction have been prepared (Ref. 33).

Gas Surface Interaction - The lecturer believes that the problems of
simulation and measurements in noncontinuum flows go deeper than the
mere production of high-speed, very-low-density streams. There are
questions relasted to surface cleanliness which affects accommodation
cbefficienis (Refs. 12 and 35). All tests in wind tunnels thus far
involved models Qith "engineering surfaces"™ -- a term believed to have
been coined by physicists to denote unclean surfaces. It may be added
that the origin of the term is no more obscure than the specific de~
finition of such a surface. - However, & considerable difference mey
exist between, sey, heat transfer rates to bodies cleansed of all
foreign’gases and other matter and the usual type of wind tunnel model
in noncontinuum flows. Obviously, accommodation coefficient may vary

with time of exposure of the surface to low-pressure environment.
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Other peculiarities of rarefied flov may be mentioned. For ex-
emple, at sufficiently high speeds, the recoil forces of ablating body
material may be significant. Pressures along the axes of orifices may
be variable even in the absence of temperature gradients in the orifice
walls if temperature gradients exist in the gas at the orifice entrance.

This latter phenomenon is discussed in a recent paper (Ref. 36).

Orifice Effect = A problem mey arise when it is attempted to measure
pressures on a solid surface in rarefied flow by the usual method in-
volving an orifice in the surface connected to a pressure transducer.
The pressure at the surface and that in the orifice cavity will be
equal, only if there is no heat or momentum transfer, or other net
fluxes to or from the surface at the orifice. By utilizing a two=
stream Maxwellian velocity distribution, & relation between measured
pressure, Py true pressure on the surface, pio’ and heat transfer
rate, 4, was derived in Ref. 36 for & case where only heat transfer
was considered to contribute to the orifice effect. The theoretical

analysis was limited to very large Knudsen numbers, i.e.,

Aw/d > 1
where
Aw = mean free path based on wall temperature
d = Orifice diameter
An experiment was devised to extend the investigation to low Knudsen
numbers , thereby enabling the drawing of curves to be used in correct-

ing experimental data. A typical result of epplying the data of Ref. 36

is illustrated in Fig. T.
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Several points of interest are apparent in Fig. T. First, it
mey be observed that measured static pressures increased roughly 30
percent as orifice size increased in these examples. Further, it is
inferred that much larger orifices would be necessary to avoid the
orifice effect. Also, the predicted curves are in close agreement

with the experimental data.

Nozzle Design - Although it is not the only design problem connected
with low-density, hypersonic (IDH) wind tunnels, nozzle design is im-
portent and interesting. If we consider that the model LDH tunnel
should have heated flow, then there is not only the problem of cal-
culating boundary~layer thicknesses But also that of throat heat trans-
fer rate.

Some high-enthalpy wind tunnels, not necessarily LDH type, in-
corporate conical nozzles, which are cheaper to build and less
sensitive to off-design operating conditions. However, conical nozzles
normally have undesirable axial gradients in flow properties through
the test section. OSuch gradients often are not prohibitive if blunt-
nosed, short (bluff) bodies are being tested, but apprecigble errors
mey be incurred if slender bodies are tested, cf Ref. 37. Figure 8
taken from Ref. 37, shows an example of the error incurred. More re-
cently, C. H. Lewis of ARC, Inc., has calculated the pressure dis-

'tribution on cones in both parallel and diverging flow by the method
of characteristics. The results of these more refined calculations
also indicate large errors when long bodies are tested in conical

nozzle flows with axial gradients (Ref.k38).
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The method used to design contoured nozzles for the arc-heated,
continuous type LDH Tunnel (L) in the von Karman Facility* combines
an "inviscid core" calculated by the method of characteristics and
8 boundsry-layer correction whereby the displacement thickness, &%,
is added to the core radii, Toe? to yield nozzle wall radii. Although
it is somewhat surprising that the simple addition of displacement
thickness suffices when 6%> Toos excellent results have been obtained
thus far. Nozzles for Tunnel L look almost conical because of the
large boundary-leyer corrections, as illustrated in Fig. 9. Calib-
ration results for the nozzle of Fig, 9 have shown that computed and
measured displacement thicknesses are in very good agreement. There
is no axial gradient in the test section of this nozzle, and radial

uniformity in the inviscid core is also excellent.

Pumping Systems -~ It is not intended to discuss the engineering of
punping systems, although they are of utmost concern in connection

with larger LDH tunnels. Rather, the opportunity is taken to emphasize
the important benefits of diffusers, which were considered to offer little
pressure recovery in low-density flow until it was showm (Ref. 3, pp.

599 ~ 624 and Ref. 39) that sufficient recovery could be stteined to
enable large savings in pumping system cost to be realized. Figure 10
illustrates the variastion of diffuser efficiency with Reynolds number.
Coupling diffusers with use of overexpanded nozzles {Refs. 39 and 40)

*

von Karmen Ges Dynamics Facility (VKF), Arnold Engineering Development
Center (AEDC), Air Force Systems Command (AFSC).
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allows pressure at the entrance of the pumping system to be 15 to 20
times greater than static pressure in the test section of the nozzle.
Dr. Ray Chuan of Celestial Research Corporastion has privately commun-
icated to the lecturer the information that cryopumping, i.e., boundary-
layer freezing, in diffusers further enhances their performance.

Other problems which arise in work with LDH facilities will be
apparent in the following section. Some of these are due to small model

size and low aerodynamic loads in existing, pilot facilities.

Some Results from the AEDC - VKF Low-Density Hypersonic Tunnel

To illustrate some of the practical reasons for studying LDH

flows, & few results are presented.

Heat Transfer - Totel heating rates of various blunt-nosed shépes have
been measured in Tunnel L (Ref. 41). Total heat flux (Btu/sec) to the
entire nose was measured and converted to average heat transfervrate
per unit erea by dividing the total heat flux by the wetted area of

the nose. Results for the hemispherical shape ere shown in Fig. 1ll.
The data in Fig. 11 are normelized by dividing the measured rates by
those calculated from & theory for flows corresponding to higher Reynolds
numbers. In the calculation, the theory of Fay end Riddell (Ref. 32)
was used to obtein heating rate at the stagnation point, and the theory
of Lees (Ref. 31) was used to obtain the distribution of heating rates
around the hemisphere. The date in Fig. 11 clearly show the effects

of reduced Reynolds numbers.
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The results of three theories (Refs. 42, L3, and Uh) applicable
for low Reynolds numbers are shown in Fig. 11 for comparison. Quali=-
tative aéreement is evident, but some difference in actual values exists.
It should be noted that the theories only yield the stagnation-point
heating rate. Lees' distribution was assumed in converting these
theoretical, stagnation-point values to average values. Thus, the
comparison is possibly slightly qualitetive for that reason. There are
data for low Reynolds numbers showing lees' distribution to be close

to the experimental.

Qggg_-'Both sharp- and blunt-nosed cones have been tested to determine
dreg under low-desnity conditions. A water-cooled, sting-type balence
capable of resolving drag forces on the order of 0.001 1b was used. The
marked effects of combined low Reynolds number and high Mach number are
illustraﬁed by the date presented in Fig. 12. It may be seen there that
the dreg coefficient at Mm/frﬁg:_'= 0.3 is roughly three times the value
when Mw//—ﬁg:_ = 6 for the more bluff body and 12 times greater for the
more slender body. For & 15-1t body at orbital velocity, this oondition
of Mm//—ﬁg:_ = 0.3 would exist at approximately 300,000=ft &ltitude.
More slender bodies, such as delte wings, tested in Tunnel L have yielded
drag coefficients nearly 20 times greater than their essentially inviscid
values.

Through use of the low-density, hypersonic wind tunnel of the von
Karman Gas Dynamics Facility, drag of spheres has been measured under
hypersonic, cold-well, support-free conditions in a nonreacting flow

in which moleculer vibration was frozen (Ref. 45). Data were obtained
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for a nominal freestream Mach number of 1l and for Reynolds numbers
from 1 to 10 based on conditions immediately downstream of an assumed
Rankine-Hugoniot type of normal shock and sphere diameter. Photo-
graphs were taken of the tracks of small spheres falling through the
test section of Tunnel L and being deflected by the drag force, which
was calculated by knowledge of‘the mass of the sphere, time intervsl,
and distance between the images on the photo. These data were sup-
plemented by measurements at a nominal Mach number of 10 where a
conventional balance was used, and Reynolds numbers downstream of
the shock as high es 10h were investigated in the cold-wall conditioq.
The experimental results have been analyzed both from the point
of view of continuum flow with second-order viscous effects and from
the standpoint of & noncontinuum concept, teking account of first col-
lisions between re-emitted and freestream molecules. Results are shown

in Fig. 13.

Shock Waves - An experimentel investigation has been made to determine
the pressure distribution, shock shape, detachment distance, and wave
thickness for spheres, and the latter three characteristicé for flat-
bodies in heated argon where Mach number was from 4 to 1l, stagnation
temperature was from 1900 to 4100°K, and Reynolds number downstream of
the normal shock waves was 25 to 225 based on redius (Ref. 46). The
purposes of this investigation were to determine the validity of the
various theories available for predicting the above properties in the
lowe- flow regime and to extend available data to lower Reynolds

numbers.



—VI-27-

When argon is used as the working gas, at the nozzle exit and
some distance downstream there is a clearly visible, light-blue Jet
surrounded in most cases by & pink glow. This natural glow, thought
to be caused by radiation from relaxing metastable atoms, enabled this
study of the shock properties in front of spheres and flat-faced
bodies to be made by simply photographing the flow field, wherein the
brightness was proportional to the number density of radiating atoms.

Photographs of the shocks generated by the spheres and flat-
faced bodies were analyzed with & photo-densitometer to determine the
shock shape, detachment distance, and wave thickness.

In Fig. 14 the results of the measurement of shock detachment
distance for spheres at different wall-to-stagnation temperature ratios
is shown. It will be noted that the shock detachment distance is a
function of Mach number, Reynolds number, wall temperature, and body
shape. A study of the magnitude of the shock-wave and boundary-layer
thicknesses indicates that in these tests these layers were incipiently
or fully‘merged. As the Reynolds number decreases, the shock detach-
ment distence increases to values more than double the "inviscid"
values. Also, for the bodies where the wall-to-stagnation temperature
retio is 0.1, there is evidence to confirm the decrease in shock de-
tachment distance to a value less than the inviscid value, as predicted
by Ho and Probstein {Ref. LT), before the increase as mentioned above

for the lower Reynolds numbers.

Three~Component Measurements -~ The effect of rarefied flow on drag of

representative bodles has been illustrated in Figs. 12 and 13. Other
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aerodynamic forces and moments also are affected, and it is desirable
to determine these on the basis of experiments because the theoretical
computation is not yet sufficiently reliable.

Figure 15 relates the viscous interaction parameter,
M/ C_/Re_ , to vehicle size and altitude above Earth for a typical
gliding atmospheric entry trajectory from orbitel or lunar excursions.
At altitudes of roughly 300,000 ft, forces may be roughly 1/50 their
values at 200,000 ft, but considerations of stability and lift-to-drag
ratios are none the less important in some cases. Therefore, de-
signers have need for eerodynamic data of the type forthcoming from
more common wind tunnel tests. To explore the problem and with the
hope of gaining a capability for measuring lift, drag, end pitching
moment, colleagues of the author have developed the balance described
in Ref. U8, A.photograph of this remarkable device is shown in Fig,
16, and a sample of data obtained from a short, blunt conical model
is shown in Fig. 17. This model is of interest as a possible Mars
probe or Earth satellite. Because the forces end moment measured are
more indicative of the balance performance, Fig. 17 gives those data
instead of the usual coefficients. In this experiment, based on match-
ing Reynolds numbers, n altitude of 316,000 ft. was simulated under

hypersonic, cold-wall conditions.

Viscous Interaction - The hotshot and shock tunnel, impulse-type wind

tunnels, and the continuous-type, LDH Tunnel L have been used to in-

vestigate pressure distribution on sharp-edged flat plates under
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conditions of pronounced viscous interaction. Examples of data from
the VKF hotshot and LDH tunnels, as well as data from other sources
soon will be published by J. D. Whitfield and H. E. Deskins, ARO, Inc.
A preliminary example is shown in Fig. 18. It mey be noted that these
data, which extend into the region of appreciable slip flow, did not
display such relatively good agreement until the method of Ref. 36
wvas applied to correct for orifice effect. This correction removed

discrepancies of up to 45 percent in pressure coefficients.
SIMULATING CONDITIONS OF HIGH REYNOLDS NUMEERS

Much less is included in this section than in the preceding ones
which concerned phenomena and simulation problems related to low
Reynolds numbers. Really serious efforts to produce large Reynolds
numbers under hypersonic conditions seem to have taken second place,
in most laboratories, to efforts toward higher Mach numbers and ve-
locities. Lately éome indicetions of renewed interest in facilities
providing high Reynclds numbers have seen manifest. Special tesis in
impulse-type tunnels recently have been arranged so that high Mach
number is sacrificed in return for higher Reynolds number. However,
the higher Reynolds numbers have been achieved with 5<Mw<l5, 80 the
Mach numbers are comparable to large continuous-type tunnels where
M_ <10 and typical maximum Re_/in.* 2 x 105. Figure 19 represents an
attempt to summérize the current Reynolds and Mach number relationship
with regaerd to hypersonic wind tunnels using air or nitrogen gases.

The tunnel described by Perry (Ref. 16, pp. 395-422) is said to be
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cepable of Re /in. = 1.5 x 105 at M_ = 18 for run times of two to
perhaps ten milliseconds. On rare occasions hotshot-type tunnels
have produced Re_/in. = 0.85 x 105 at M_*19.

Viewing Fig. 20 and compering the typical traJectoriés shown in
Fig. 2, it is evident that very high Reynolds numbers may characterize
flows on relatively low-drag, heavy bodies during important portions
of their descent. For example, a body moving at 18,000 fps at 100,000
ft altitude has a freestream unit Reynolds number of 1.6 x 105 per in.
Corresponding, Mach and Reynolds numbers attained at the edge of the
boundary iayer on a 10-3eg half~angle cone would be approximately 9.2

and 3.6 x 105

per in., respectively. These two cone surface flow con-
ditions are not impossible to simulate in present laborstory facilities
but it is necessary to examine the other requirements for natural bound-
ary~leyer transition end turbulent flow under the influence of factors
present in high~speed flight. TFor example, the ratio of wall temperature
to agiabatic_recovery temperature, Tw/Taw’ usually is considered a sig-
nificant paremeter in such studies, and, in the free-flight example
cited, it would be approximately 0.1. However, by far the largest
obstaéle to creating these conditions in a wind tunnel exists because

of the tendency for Reynolds number of boundary-layer trensition, Re,,
t0o increase merkedly as Mach number increases, whether Tw<<Taw or not.
For the case Tw 2 Taw’ this is shown by Fig. 21, which is taken from
Ref. 50. Supporting data from various sources maey be seen in Ref. 51.

Actually, comparisons of this type are highly qualitative, for reasons

too numerous to discuss here (see, e.g., Refs. 52 and 53), but Fig. 21
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gerves present purposes. Deta, for the case Tw«Taw are less plentiful,
but Ref. 51 provides an indication that the ratio Tw/Tav may not be an
extremely importent factor when local Mach number exceeds, say 5 or 6.
In the absence of more plentiful data for the hypersonic case, the
latter mey be regarded ss a conservative assumption in the present
context, i.e., Ret for a cooled wall normalls; exceeds Ret for an a-
diabatic well. Then, returning to Fig. 21 and assuming Ret. to re-
present the "end" of transition, one would estimate that Ret;s x 107
under conditions described earlier for the sharp cone.“ Therefore, using
the value of unit Reynolds number of 3.6 x 10° in.™>, the distance from
the apex of the cone to the end of transition, i.e., fully developed
turbulent boundary~layer flow would be at least 140 in. or nearly 12

f£. Few hypersonic wind tunnels are large enough to accept such a
large model. From Fig 21, note that transition would begin at about
one-seventh of this length or a little less than 2 £t from the nose of
the cone. Thus, nearly the entire cone would be covered by a trans-
itional boundary layer. As pointed out in Ref. sk, this is typical of
hypersonic flows and it adds to the experimenter's woes. To quickly
understand some of the reasons why it is difficult to build wind
tunnels which simultaneously produce high Mach and Reynolds number

conditions, a few of the problems are briefly outlineg.

In Refs. 50 and 54 it is shown that Ret on a sharp cone at M * 3 is
more nesrly 3 times the value of Ret on & flat plate or hollow cylinder.
However, this fector has not been considered here, partly because its
omission is consistent with the estimate of a lower possible value of
Re_h and partly because it is not certain that it applies under the
conditions being discussed.
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Mach and Reynolds numbers in the nozzle of a tunnel are related
to reservoir pressure, Py and temperature, To’ such that, for fixed
reservoir conditions, increasing M_ lowers Re_ . Fox fixed P, and M_,

increasing To lowers Re, ~ Now the minimum To is established by the

need to avoid liquefaction of the gas medium when it expands to low
temperature and high M_. For a perfect gas, the static temperature at
M, is

T, =T/ [1+ (y-1) M2/2)

vhere y= ratio of specific heats

Thus, when M >>1, T~ To/Mna, and it is evident that high M_ ;requires
high 'I‘o if T  is not to fall below the liquefaction line. Recently
there seems to be growing acceptance of the feasibility of allowing
'1‘«° to be well below the conventional limit, as indicated in Fig. 22
from Ref. 16, p. 335. In other words, the liquefaction rate ;eems slow
enough to effectively displace the change~of-phase boundary in hyper-
sonic nozzle flows. Nevertheless, the requirement to avoid liquefaction
presents an obstacle to the combining of high reservoir pressures with
low reservoir temperatures to achieve a higher Reynolds number at &
given Mach number. Of course, it also should be noted that the throat
heat transfer problem influences the relation between P, and To’ and
the lack of adequate data on viscosity end other properties of air at
low temperatures discourages acceptance of very low T for aerodynamic
work.

The hypersonic wind tunnel using helium as the working fluid has
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been developed because the low liquefaction temperature of helium
largely remove the liquefaction barrier just discussed. (See, e.g.,
the paper by Henderson in Ref. 1, pp. 163-190.) However, the fluid
properties are considerably different from air, making it questionable
if inviscid end viscous fluid flow effects can be simulated simul-
taneously when using helium to test configurations with complicated
flow fields involving strong shocks, separated flows, and shock-
boundary layer interference. Simpler meesurements of, say, friction
drag on slender, sharp-nosed bodies may be carried out with air closely
simulated.

Aercballistic ranges wherein a model mey be launched at very high
velocity into relatively dense air offer possibilities for study of
boundary-layer transition under hypersonic, cold=wall conditions. {See,
e.g., the paper by Charters and Curtis in Ref. 1, pp. 371-lLOL, and Refs.
55 and 56). The range is attractive because of high attaineble Reynolds
numbers (see Fig., 19), low ambient air turbulence, the possibility to
achieve high Mach ﬁumbers, and the cold-wall condition of the model.
Disadvantages are rather obvious, e.g., the model may pitch and yaw,
optical methods must be relied on for transition detection, under some
conditions the model may ablate, and it is difficult to launch and
separate sabots from complex models. The range is almost essential for
studies of wakes far downstream of bodies, regardless of Reynolds
numbers of interest.

Counterflow, range-plus-tunnel, facilities offer some of the same
advantages as ranges, but they also suffer most of the same disad-

vantages as the range in addition to those pertaining to impulse-type
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tunnels. Very high relative velocities have yeen proved feasible and
unit Reynolds numbers up to 5 x 106 in -1 at 35,000 fps are attainable
according to Ref. 57. Seiff, in Ref. 57, suggests that relative ve-
locities as high as 50,000 to 60,000 fps may be reached in the next
five years. This performance is an indication of the reascn why

counterflov facilities are intersting.
PLANETARY ATMOSPHERES

Because of contemplated exploration of other planets, aerodynamic
simulation of the atmospheres of these planets has become a concern of the
serodynamicist. ©Some studies of 1lift, drag, and stebility have been
accomplished, e.g., Refs. 58-60. In Ref. 58, a blunt-nosed, axi-
symmetric cylinder with a flared afterbody is shown to yield different
static-stability derivatives in different, unmixed gases, the static
~stability increasing as ratio of specific heats, y, increases. One
infers from ﬁheae date thet y is the dominant variable, because it
appears that the fesults vere the same in argon and helium.

Reference 60 reports tesys of two blunt, conical bodies in air and
in gases '~ composed of varying amounts of nitrogen and carbon dioxide,
mixed to simulate atmospheres of Mars and Venus. Both a very blunt
cone of 10-deg half-engle and a moderately blunt({nose redius = 0.5
base radius) cone of 15-deg half-angle were tested. It was concluded
that drag coefficients of these bodies were not perceptibly affected,
even when comparing data where N2>97% with data where 002>78%. The

very bluff body experienced a slight decrease in stability in the
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medium with the percentage of CO, large (=85%), i.e., the trend was
in qualitative agreement with results of Ref. 58 described above.

However, the moderately blunt cone appeared to become slightly more
stable in the case where CO, was the major constituent (>78%). Sta-

bility of both models seemed little different when CO2 = 14% and N2 =
86% and when N2>97% or vheﬁ the gas was air. Seiff (Ref. 4, p. 29)

has suggested that configurations which generate embedded flow fields
(i.e., fields containing secondary shock waves) are more sensitive to

gas composition.
CLOSING REMARKS

Although not intending to undertake to catalog all known means
for hypersonic eserodynamic simulation, the lecturer wishes to close
this discussion with a few remarks on certain particularly relevent

types of fdcilities; In doing this, examples are drawn from the AEDC-

VKF complex.

Continuous - or Intermittent-Type Wind Tunnel

The continuous-or intermittent-type hypersonic tunnel employing
a resistance-type electric heater or a storesge heater and capable of
BeM < 14 must be mccorded a full share of the credit forour present
knowledge of hypersonic serodynamics. A good representative ofrﬁhis
‘class is AEDC-VKF Tunnel C, shown in Fig. 23. Capable of M, = 10

(later 12) and having & 50-in.-diam. test section, this tunnel has
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been used in the development of almost every aerospace system involving
hypersonic aerodynamics. One of the noteworthy features of this tunnel
is its "bomb bay" doors opening from the test section to a cabin below.
The model support system withdraws the model into this cabin for cool-
ing and/or adjustments while the tunnel compressor plant continues to
run. At the chosen time, the model and its supports are injected into
the tunnel flow. This method has proved very advantageous for measure-
ments of heating rates, data being obtained more repidly and economicelly.

Further description may be found in Ref. 61.

Impulse-Type, High-Enthalpy Wind Tunnel

The large, impulse-type tunnel of either the shock tunnel or hot-
shot varlety also has provided a mejor share of the support of hyper-
sonic flight. Typically these are operated with M _* 20 and with total
temperatures which place them in the border region of perfect-gas and
real-gas regimes. Hotshotl-type Tunnel F of the AEDC is shown in Fig.
2k as a representative of this class. Numerous tests have been con-
ducted in connection with the development of aerospace vehicles and
also research on fluid mechanics. Papers by Lukasiewicz, Whitfield,
and Jackson in Ref. 3, pp. 473-511, and Ref. 1, pp. 323-356, give
further informstion on the hotshot type of wir_xd tunnel. At the present
time, studies of advanced shock tunnel designs are being conducted be~-
cause of the apparent potential for improved performance offered by
the shock-heating process. Consideration is being given to the aug-

mentation of the shock tunnel driver by magnetogasdynamic acceleration.
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Low-Density, Hypersonic (LDH} Wind Tunnel

A major part of this lecture is devoted to descriptions of low-
density flow research. While the wind tunnel used for this work can-
not be called typical, it is, none the less, mentioned here because of
its prominent role in aerodynamic studies of IDH flows. The present
AEDC Tunnel L, now four years old, is quite small. Typically, the
usable, uniform core of flow in the test section is 1~ to 2-in. diam.
However, experience with this 1litile, prototype facility once again
teaches us how much can be learned from such a modest monetary in-
vestment.

Because this type of tunnel is not yet widely represented in the
world's laboretories but is beginning to appear in increasing numbers,
a sketch showing the mein features of an idealized, typical LDH tunnel
is included as Fig. 25. It should be pointed out that various arc-
heated tunnels were used for heating studies preceding the advent of
the LDH-type “serodynamic" wind tunnel. Tlow quality and calibration
procedures were not of so much concern in these earlier facilities,
but high entﬁalpy wes the main concern. For aerodynamic work, the
potential of the arc heater for high enthalpy has been subordinated to
achieve more steady, uniform flow of lower total enthalpy closer to
thermochemical equilibrium. Figure 26 is & photograph of AEDC-VKF
Tunnel L. More deteils may be found in Ref. 62. 'The possibility of
combining megnetogasdynamic accelerstion with arc-heated tunnels is

receiving serious consideration at several laboratories.
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Aeroballistic Range and Counterflow Facility

These two types of experimental facilities are related to such an
extent that both are combined in the few remarks made here. To better
illustrate each type, Fig. 27 is included. The very great length of
these facilities mekes it difficult to obtain photographs clearly
showing their main features. Figure 27 is divided into three parts,
the top part showing e shock tube, the middle showing nozzle, test
section end dump tanks, and the lower part showing a launcher or gun.
Combining the top two components of Fig. 27 gives a shock tunnel. Com-
bining the bottom component with the middle part, excluding the nozzle,
gives en aercballistic range. Putting ell together, of course, ylelds
the counterflow facility.

Although very high muzzle velocities may be produced by modern
aeroballistic launchers, the peak launch eccelerations (up to 106 -
107 g's) are-so great that model and sabot structural problems sarise.
In fact, if it were not for this obstacle, we might be telemetering
aerodynamic data from models in flight. Figure 28 is offered as a
summary of the current ability to launch models in renges. Areas to
the lower left of the three boundaries represent achieved launches.
One can see why the aeroballistic range or the combined shock tunnel
and gun is attractive to aerodynamicists seeking closer simuletion of
orbital and super-orbital flight. Practical problems of great diff-
iculty also are apparent, but further development seems to be worth-
while. Figures 29a and 29b show gun and shock tunnel components of

the pilot counterflow facility at AEDC-VKF. References pertaining to
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these devices have been mentioned earlier, e.g., Refs. 1, 15, 16,
56, and 57. One msy also find more information on guns in Refs.
63-65.

Various, less-well-developed but interesting types of facilities
could be mentioned, e.g., expansion tubes, high intensity molecular
beams, end any of several devices wherein acceleration of ionized
gases plays a key role. However, these latter are still in develop-
mental stages and have not yet pleyed important parts in aerodynamic
simulation work. Free-flight research using rocket booster models
may be regarded as simulation in a broader sense, but it is beyond
the scope of this discussion. It is understood that a later lecture

will deal with this subject.
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CONVECTIVE AND RADIATIVE HEAT TRANSFER DURING REENTRY
AND ADVANCED TECHNIQUES FOR THEIR SIMULATION
by

Thomas N. Canning

INTRODUCTION

Experimental engineering research has been largely devoted to
simulation, in the laboratory, of phenomena and systems which are diffi-
cult, for one reasson or another, to reproduce in full-scale tests. The
success of these efforts at simulation in guaranteeing the final system
performence has been in direct proportion to the success in choosing
the proper pareme;ters t0 be matched and to the exactness of scaling laws
derived for use in projecting to full-scele behavior. In the best of
all possible worlds one could always meke his tests at the design condi-
tions using the complete system under consideretion. One example will
suffice to show why this generally cannot be done.

The Apollo command module will enter the earth's atmosphere at about
11 km/sec and will have on board three people, whose value has been en-
hanced by recent experiences. If all of the bits and pieces as well as
the subsystems necessary for the mission have not been checked thoroughly

in the lsboratory, the chances of the complete system operating are nil.
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One b;t of this system which - thenks to hundreds of fairly cheap
leboratory tests and scores of careful theoreticel studies - assumes a
lessening threat to success is the heat-protection system. It is to
this narrow part of the vest complex of technologies that the present
discussion of simulation is devoted. Since Brooksl hes discussed the
study of material response, the present paper is further restricted to
evaluation of expected heat loads.

These heat loads are conveniently divided into two components which

can usually be treated separately, convection and radistion from the gas

within the shock layer to the wvehicle surface.
CONVECTIVE HEATING

The stagnation-point convective heat load on blunt hypervelocity
bodies ﬁas been treated extensively by many investigestors, for example,
Lee52 and Fey end Riddell3 in the speed range up to 10 km/sec. Lees
has also reléted the heating elesewhere on simple bodies to thet at the
stagnation point. Starting with the former proble&hwe see, in Figure 1,
that the heating rate normalized with respect to the body size and pitot
pressure is nearly a lineasr function of the driving potential, that is,
the difference between stagngtion and wall enthalpy. As the flight speed
increeses above about 9 km/sec, the'temperatures become high enough that
partial ionization occurs. The influence of ionization on convective
heating has been argued‘widely: the consensus of those theoreticians
who have used the transport properties predicted by Hansenh for hot eir

is that the influence is fairly small; the controversy is essentially

settled by results of actual measurements of heating rates in two types
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of modern laboratory equipment. Figure 2 shows the experimentally deter-~
mined heating and indicates that there is, at least, fair agreement among
the experimenters.

Most of the date shown in Figure 2 were obtained by use of shock tubes;
the remainder were collected from aeroballistic tests. The shock tube
consists of a tube containing a sample of test gas, say, air, and a driver
filled with gas at high pressure (Fig. 3). When the diaphragm which separates
the chambers is ruptured, a shock moves through the test gas simulating the
detached bow shock of a flying body. Instruments may be placed around the
test aree to study the physical and chemical changes wrought by the shock
compression. The pertinent setup for the study of convection requires small
aerodynamic models to he mounted within the tube to simulate the hypervelocity
flow field. Thin-film resistance gages or thicker calorimeter geges are de-
posited on the models so that the history of surface temperature, and hence
heating rate, can be determined.s’ 6, 7
The two most popular shock-tube configurations in use todey are illustrated
in Figure k. The'simplest form (in the upper sketch) uses the flow just be-
hind the incident wave as the airstreem. This part of the gas flow is very
hot =so that, even though ita speed may be high, its Mach number is low and
the aerodynamics of the teat flow must be analyzed accordingly. This dis-
adventege is not serious when only the stagnation point heat transfer is
being measured or when the detalls of the flow field are well known. The
other configurations will he discussed later. Only a fraction of available
convective~heating data (ohtained in simple shock tuhes) are shown in Figure
2. As vith most rapidly developing experimental techniques, the data scatter
unacceptahly at the higher enthalpy, that is, velocity, levels. Most but

not all of the apparent discrepancies are at least partially understood.
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If the researchers using sbock tubes hed been content to use only
the simplest designs, the description of the research done by them might
be made more nearly complete; hecause these people have been inventive,
the emphasis is necessarily put on descriptions of other shock-tube

designs.
Varients on Simple Shock Tubes

The fact that the Mach number in the flow behind the incident wave
is low, even when the wave speed is very high, has prompted investigetors
t0 employ simple expansion nozzles to cool the air adiebatically as well
a8 increase its speed. Both of these effects are desirable, but the
already short test times, & few milliseconds at best, are further eroded
by starting and stopping transienta. As the shock and its following gas
sample starts into the expanding tube, the expansion and compression waves
necessary to meke the air adjust to the new flow geometiry develop. Until
the flow has Become steady, test results are of doubtful value.

The net effect of this loss of testing time hes been greatly reduced
by introduction of the reflected-shock hypersonic-nozzle configuration in
wide use todey (see Fig. k).

In this facility full adventege may be taken of the fact that upon ~
reflection of the initial wave from the shock-tube end wall (the convergent
part of the nozzle), the hot gas is brought to rest and heated further.
This gas in the stagnation chamber advances slowly towards the nozzle and
is used &t less than one-tenth of the rate it would be used were there no
constriction. The smell nozzle throat also makes feasible the construction

of moderate-sized hypersonic nozzles having very large expansion ratios
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{greater than 1000) to accelerate the flow to high speed and low static
temperatures (hence high Mach mumber).

The thermodynamic state in the test region is somewhat less perfectly
understood than that in the stagnation chamber because of possible non-
isentropic flow through the nozzle. This disadvantage is offset by the
great gain in steady flow duration. The testing done in these reflected-
shock-tube hypersonic tunnels may be made more representative of real flight
because the Mach number, and hence inviscid flow phenomena, may be more
adequately imitated than in the simple, straight tube. The importance of
this simulation haes been demonstrated in references 8 and 9, where it was
shown that the strong bow wave of a blunt-nosed slender body, such as that
shown in Figure 5, may seriously impair the stabilization afforded by flares
and fins. This effect erises from severe changes in static and dynamic
pressure distributions; the correspondence between pressure and heat load
shown by Lees leads one to expect similar complications here. It is safe
to say that if we are to simulate the heat-loed distribution, we must
simulate pressure distribution. The utility of the reflected-shock,
hypersonic tunnel 1s well recognized for this reason.

A new entry to the field is the so-called expansion tube.'® In this
device the steady expansion through the nozzle of the shock-tube wind
tunnel is replaced by an unsteady expansion into & nearly completely
evacuated tube. The stream velocity capablility is epproximately double
that of the nozzle-type facility. The steady flow duration just ahead of
the unsteady expansion, on the other hand, is far shorter. Since the
exploitation of this concept is just starting, it is aifficult to predict
its success. It is anticipated that simple extensions of shock-tube tech-~

nology will meke it very useful.
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Ballistic Facilities

The coursge of imitation tsken in shock-tube testing, that is provid-
ing a fast-moving hot or cold airstream, is & natural extension of older
conventional wind-tunnel technology. A completely different approach has
arisen from recent evolution of ballistic-range techniques. Development
of guns capable of firing test bodies at speeds up to 10 km/sec provides
us with the opportunity of observing actual flying bodies in the lsboratory.
By suiteble adjustment in test parameters it is possible to simulate in
varying degree most of the important governing phenomenea. These hyper—
'velocity proJectors are called light-gas guns because they commonly use
hot compressed hydrogen as & prqpellmt. Differences in deteil inevitably
exist, but the schematic in Figure 6 shows the essentials of the best gunms.

A small charge of gun powder is used to propel a heavy piston through
the pump tube, thereby compressing the hydrogen it contained to peesk pres-
sures estimated to exceed 20,000 atm. As the pressure rises past about
1,000 atm, & thick steel diaphragm separating the pump tube from the launch
tube ruptures and opens in four petals; and the hydrogen propels the model
at accelerations exceeding a million g's to velocities exceeding 10 km/sec.
The piston is arrested in the conical transition between the two tubes.
These guns can launch well-designed models of remarkable complexity with-
out demage, &8 will be discussed later.

The principal uses in defining the convective-heating environment
expected in hypervelocity flight have been by detection of the omset of
ablation of metal models as a measure of local maximum totel heating rate,
bty calorimeter measurements of the totel heat transferred to models which

do and do not sblate, and by measurement of the surface-temperature histories
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of the models with on-board thermocouple circuits.

These techniques have been described in references 1l and 12 but
will be cutlined herein for completeness. In the first method the many
shadowgraph pictures taken of the model during its flight are si;ndied to
determine the time at which melting of the surface first commenced (see
Fig. 7). This melting permits material to flow into the wake, where it
can cast a shadow in the pictures. The analysis of the date consists of
finding the theoretical prediction of heating rate which predicts the
observed phenomena. This method has been checked directly against heate
transfer measurements in shock tubes and other facilities and found to
be reliable. Subsequently, tests have been performed st flight speeds
above llv km/sec (Fig. 2).

At launch speeds below sbout 6 km/sec the small models used in these
studies do not begin to melt, but simply absorb the heat. The second
method method of measurement uses & calorimeter, into which the model
drops, to measure this heat input. The aspparatus used is shown in
Figures 8 and 9. The model, after leeving the light-gas gun, flies
along the ballistic range until it decelerates to low speed and is caught
in the laminated paper-model catcher. Tt then drops into a calorimeter,
where the heat increment is measured. By combining measurements made
at & variety of muzzle velocities the variation of total heating with
speed is deduced.

The third method of convective-heat-transfer measurement is the use
of telemetered signals from the model to antennae along the flight path.
Active FM telemetry hes been developed for this work, but has not been
usable in the speed range of interest because the acceleration loads

are too great. A passive system has been developed using the principles
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indicated in Figures 10 and 1l. In this ca.eé a model containing a com-
Plete thermocouple circuit, including a four-turn coil, is fired at high
speed. The surface junction is heated and the resulting emf produces s
magnetic field. This dipole field, passing through the pickup coils,
produces signels which can be analyzed to determine the temperature his-
tory of the surface and hence heating rate. This technique has been used
to measure stagnation-point and afterbody-heating rates on blunt bodies at

speeds up to 5.6 km/sec.
RADIATIVE HEATING

As mentioned earlier, the heating environment also includes radiative
transport of energy from the hot shock layer to the surface. Since the
consequences of radiation are proportionately more severe than convec-
tion, in terms of materiel removal from the heat shield, it is ﬁecessary
that We measure this source fairly well for high-speed flight. The
radiation is a consequence of excitation of internal degree of freedom
of the gas molecules and atoms; if de~excitation occurs sponteneously,
rather than by virtue of collisions with other particles, radiation is
emitted. At high speeds this redistion becomes an importent, perhaps,
dominant, heat loed on large bodies.

The emission and absorption spectra of thermally excited gases have
been studied intensively in recent years. Several papers specilalizing in
thermal radiastion from airl3’ 1k, 15 agree acceptably in the speed range
where radistive heating is small. These same discrepancies become un-
acceptable when considering flight at 15 km/sec. Figure 12 summarizes

results from some of the experimental and theoretical work based on
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shock-tube and ballistic tests. A simple application of these data to
flight of e bluff body, 1 meter in radius, at 10 km/sec at 60 km altitude,
shows an expected radiative heat load of sbout 200 watts/sq cm. This is
probably not too serious, but the precipitous increases with increasing
speed impels us to pin down the answers more precisely. The chief
experimental tools for this vork are shock tubes and ballistic ranges.
This is not to say that no other facility can supply a hot-gas sample for
study; the chief justification advanced here is thet the thermodynamic
state of the gas in these two types of test is quite precisely known and
relatable to full-scale flight; since the mode of heat addition to the
gas is identical to thet in flight, we have even more confidence. For
these tests the shock tube was historically first and in some aspects the
more versatile facility.

Returning to the shock tube, Figure 13, we see that, as the incident
wave passes through the test section, it usually duplicates the normal
shock shead of & hypervelocity blunt body. The-absolute spectral emission
from the éas behind the wave front can be determined from groups of
radiometers pleced to look through the test volume. It has been found
possible to survey with sufficient spatial resolution to unravel some of
the chemical changes within the reaction zone behind the wave front. As
these net reactions cease, on reaching equilibrium, the radicmeter measure-
ments yield the type of data on which Figure 12 is based. The reaction
zone itself has attracted much interest as well because the higher-than~-
equilibrium temperestures result in radiation in excess of that which
would have been emitted had equilibrium been achieved instantaneocusly.

The chief advantages of the shock tube lie in the near-perfect

duplication of the essentially one-dimensional flow along the stagnation
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streamline near the shock. Only at very low air densities do the tube
valls interfere directly with the flow near the middle of the tube. On
the other hand, all measurements of redistion are distorted by emission
and absorption in the turbulent, nonuniform conteminated shock-tube
‘boundary leyer. It hes proven very difficult to keep contamination at
acceptable levels in many studies.

Much of the fundamental research on ebsolute emissive power of
particular radiating species and the reaction rates in the flow just
behind wave fronts has been done with shock tubes. Recently precise
techniques have been devised for these studies in ballistic ranges.
Radiation from complete three-~dimensional flow fields is also measurable
in these tests.

Essentially the hypervelocity ballistic test gives us a small object
of known shape flying at known speed through a gas of selected properties.
Within quite broad limits it is possible to simulate the physical, chemical,

and them&dynemic properties of flows about full-scale vehicles.16

The
thermal r'sdia.tionAfrom these flows hes been studied for several years at
Ames Research Center. In these studies the absolute spectral emitted
power is measured with radiometers mounted near the flight path of the
model. The bandpssses of these devices sre made narrow enough to make
meaningful engineering measurements of heating rates but too wide to
identify radiating species. An example of such date for flight at ballis~
tic-missile speeds, teken from reference 17, is shown in Figure 1li. The
general verification of the predictions at short wavelengths is clear.;

the dependence of the infrared on model materiel is seen to be strong.
This latter point is a whole field of study in itself and beyond the scope
of this paper. The implications in the fields of radiative transport mey

be seen.
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These measurements were made with essorted photomultiplier~filter
combinations and are used to deduce the radiation per unit volume at the
gas-cap stegnation conditions. These figures may then be applied point
by point within the calculated shock layers of the full-scale body to
estimate complete radiative heat loads.

Recently, as implied above, Reis has used the hot-stagnation-region
gas on ballistic models as & radiation source and unusuel measuring tech-
niques to obtain the ebsolute band-system strengths of several molecular
species.:L8 The spectral resolution is sufficient in these tests to make
accurate independent measurements of the transition probabilities, one of
the funda.inenta.l properties necessary for rigorous prediction of absolute
spectral emissive power at conditions different from those of the par-
ticular test.

It has proven to be possible to calculate theoretically the spectiral
distribution of relative intensity of remarkebly complex band systems of
molecular radiators. Recourse must be had to experiment if the absolute
strengths ‘are to be known. In practice the factor necessery to achieve
agreement between theory and experiment is found. This factor may take
the form of & transition probability or f-number.

The required spectra were obtained photoelectrically by means of &
time-of-flight scanning spectrometer. This device is shown schematically
in Figure 15. As the model flies by in the focal plane of the collecting
mirror, the luminous gas cep acts as a moving entrance slit, sweeping out
the spectrum of the shock-heated gas on the exit slit. (That the gas
cap is the only source of radiation in the flow field and is indeed slit-
like in form is shown in a typical imege-converter photogreph of a plastic

model, Fig. 16.) The energy passing through the exit slit of the scanning
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spectrometer is divided; 95 percent passes through & splitter plate and
on to the cathode of an RCA 1P28 multiplier phototube. The output of
this multiplier phototube is recorded on an cscilloscope and ylelds &
continuously recorded spectrum over a wavelength range dictated mainly
by the geometry of the system. For the tests reported in reference 18,
the wavelength range was as a rule from 0.290 to 0.430n. Figure 17 shows
a8 typical oscillogram. The remaining 5 percent of the energy passes
through a narrow-bend interference filter (100 £ vide between the 50-percent
response points) and onto a Dumont 6935 multiplier phototube. The output
of this phototube is displayed on an oscilloscope which has been triggered
so as to start sweeping simulataneously with the oscilloscope which re-
cords the spectrum. The auxiliary oscillogram thus allows & specific
wavelength to be transposed to the oscillogram displaying the spectrum.
Such wavelength transposition was found to be repeatable from shot to shot
to +10 .

The time-of-f1light scanning spectrometer was constructed by modifying
a Ferrand uv-vis f) 3.5 grating monochromator. A large opening was cut in
the monochromator housing in the region of the intended entrance slit
end the standard collecting mirror was replaced by & spherical mirror
vwhich focused at the center of the test chamber. Further, the new collect-
ing mirror was masked down to a rectangular slot to improve depth of field
and to insure uniform illumination of the grating. The rise time of the
complete system was 25 nanoseconds and was dictated by the oscilloscope.

Another instrument was devised in order to measure the spatial dis-
tribution of radiation over the faces of bluff models. These vmeasurements
were needed in order to substantiate calculations used in enalyzing the

sbove test results and also to describe more completely the real distribution.
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The instrument in point required thet a near head-on view of the model be
imaged on a plate having tiny orifices opening onto a phototube (Fig. 18).
The system effectively registers any light radiated from area sources along
the optical axis. As the model flies by the optical axis, a scan of the
shock layer occurs. Auxiliery equipment is used to determine where on the
model the scan occurred. In this manner the actual distribution of radi-
ative heat load can be measured. More recently head-on photographs (Fig.
19) have been taken successfully using image-converter and Kerr-cell-
shutter camerss.

These photographs have been analyzed, using step-wedge filters for
film calibration and microdensitometers for exposure measurements, to
yield similar heat-load distributions. The agreement between the two
systems is good. The advantage of the dissector is that it involves
fewer experimental steps; the advantage of the photographic system is

that is permits complete determination of the distribution rather than

a few scens.
VELOCITY AUGMENTATION

Since tests at speeds above T or 8 km/sec are difficult in purely
ballistie facilities, we have superposed a countercurrent airstream which
can move as fast as 5 km/sec. This airstream is in a reflected-shock,
hypersonic-vind4tunnel test section and the models are fired upstream
(Fig. 20). Some data have been obtained in this manner at flight speeds
above 13 km/sec.19 The most reliable of these data, where the flov fields
were known to be in equilibrium, extend sbove 12 km/sec (Fig. 12).

The chief advantages of this test facility lie in excellent simulation
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of velocity, Mach number, Reynolds number, complete flow configuration,
and degree of equilibration of all binery-scaled chemicel and physicel
changes.

In still-air tests, it has proven possible to reduce contamination
to negligible levels; also no stream boundary leyer 3s present to distort
the results. In air-on tests it appears simple to reduce contamination
to acceptable levels. The drawbacks are thaet date extraction is not simple;
much effort is required to advance the instruments and test techniques.
The dura.tic;n of observations is typically about e microsecond and the
attitude and condition of the model must be accurately registered because
it cannot be predicted. The thermodynamic simulation of the flow along
streamlines can be quite nicely duplicated, but it has \as yet been imprac-
tical to study individual stream tubes as has effectively been done in

shock-tube flows.
CONCLUDING REMARKS

The use of shock tubes, ballistic ranges, and combinations thereof
in simulation of convective and raediative heat loads has been describved.
The complementary nature and the highly independent technigues used in
these facilities lend greé.t strength to the research results where they
agree. The shortcomings of these facilities are such that, if possible,
both should be ai)plied to important problems. When all-out performance
is required, the combination of the two can clearly provide advantages.
That these advantages are becoming more widely recognized is demonstrated

by the construction of new facilities at Arnold Engineering Development
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Center and Boeing Compeny, Seattle, similer to those in service at Ames

Research Center since the late 1950's.
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Figure 1. Theoretical laminer convective heating at stagnation point of
hypervelocity spheres.
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Figure 2. Experimental laminar convective heating at stagnation point of
hypervelocity spheres.
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Figure 3. Simple shock tube.
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Figure 5. Shadowgraph of blunt-nosed cylinder showing embedded supersonic
flow in hypersonic flow field.

Figure 6. Deformsble piston light-gas gun.
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Figure 7. Shadovwgraph sequence showing onset of ablation.
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Figure 8. Ballistic range arrangement for calorimetry £1ights.
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Figure 9. Calorimeter section.
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Figure 10. Thermocouple model for stagnation-point heating teste.
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Figure 11. Ballistic range arrangement and antenna for thermocouple model flights.
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Figure 12., Variation with velocity of emissive power of air behind normal
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Figure 13. Nonequilibrium zone air radiation.

INTERFACE SHOCK

NONEQUILIBRIUB{\ PEAK

\

EQUILIBRIUM /
1 | RADIATION T

Figure 1k, Absolute spectral emission from complete fiovw fields of bodies made
of several materials.

Ve 219,500 ft /sec

Po /ps0.19
@ “Po MODEL MATERIAL
T=7,650° K
———o0—— POLYCARBONATE
4><|o4-fe ——— === ALUMINUM
\ — —O—— POLYETHYLENE
E) s ] ——— MEYEROTT AND SOKOLOFF
watts --—-- KIVEL AND BAILEY
cm3 u .

WAVELENGTH, microns



Viy-eb

Figure 15. Time-of-flight scanning spectrometer.
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Figure 16. Image-converter photograph of polyformaldehyde model in flight at
5.5 ka/sec; p, = 60 mm Hg.
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Figure 17. Oscillogram of near ultraviolet spectrum ¥rom time-of-flight scanning
spectrometer.

Figure 18. Image dissector scheme.
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Figure 19. "Head-on" photograph of polycarbonate model flying through air
at 6 km/sec; p_ = €0 mm Hg.

Figure 20, Schematic of counterflow facllity.
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EVALUATION OF MATERIALS IN ENTRY HEATING SIMULATION
by
Williem A. Brooks, Jr.

NASA - Langley Research Center

INTRODUCTION

The basic obqective in designing thermal protection systems is the
provision of sufficient material to protect the vehicle structure and
cargo from the severe heating encountered during entry into a planetary
atmosphere. Conservative designs that may compromise the mission objec-
tive should be avoided. Ideally Just enough meterial to ensure success-
ful entry should be provided. The degree of success that is achieved by
adhering to this éhilosophy is entirely dependent upon our knowledge of
the entry environment and the manner in which the various materials re-
spond to the environment.

The importance of avoiding excessive heat shield weight can be under-
scored by reference to figure 1 {ref. 1). Of course, the basic problem of
reentry is the dissipation of a iehicle's energy in a controlled and accept-
able fashion. This figure was prepared to qualitatively demonstrate the
influence of thermel protection weight upon the useful payload capability.

The ordinate is energy in Btu/lb and the abscissa is velocity, cover-
ing the range of concern fbr manned vehicles and planetary probes. The

solid line is the kinetic energy per pound of vehicle which must be
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dissipated at each velocity. Fortunately, most of the energy is absorbed
by the atmosphere which envelops the entering vehicle. At most, only a
few percent of the kinetic energy is transferred to the vehicle in the form
of heat. The lower cross-hatched band represents the toial heat load per
pound of vehicle. The lower edge of the band corresponds to less than 1
percent and is typical of the heat load for a ballistic reentry. The
upper edge is about 3 percent of the kinetic energy which is typical for
lifting entry vehicles. At the higher velocities, radiative heat transfer
from the hot gas cap becomes significant and incréases with velocity, re~
sulting in large increases in heat load. The cross-hatched horizontal
band represents the energy absorbing cepability of thermal protection
materials and ranges from 2,000 to 20,000 Btu/lb.

Now if the vehicle heat load is equal to the heat shield energy absorb-
ing capebility, that is, the two bands coincide, then the vehicle must be
constructed entirely of thermal protection material in order to sﬁrvive the
heating. Therefore, the difference between the two bands indicates the
emount of vehicle weight which can be devoted to functions other than
thermal protection. As velocity increeses, the useful payload capability
becomes smaller, and the matter of excessive heat shield weight becomes

more critical.
REQUIREMENTS FOR DUPLICATING THE ENTRY ENVIRONMENT

If it were possible to duplicate the reentry environment in ground facil-
ities, the manner in which thermal protection materials respond could be more
precisely determined and better heat shield designs would result. However this

is not generally the case and ususlly one must resort to & partial simulation.
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Figure 2 shows the flight regions of immediate concern in an altitude-
vglocity plane (ref. 2). Regions are shown for Apollo, ICEM's, Mercury,
and Dynasoar. A slight broadening of the Dynasoar band will result in a
region which is typical of hypersonic gliders. Future planetary explor-—
ation vehicles will result in a region whose lower bound may be as much as
50,000 feet below the Apollo region near escepe velocity, extending off-
scale to the right.

Figures 3, 4, and 5 show some of the wind-tunnel characteristics that
would be required to produce exact flow duplication (ref. 2). First con-
sider the chember pressure required (fig. 3). Pressure curves have been
superposed on the flight regions shown in figure 2. The technology of
building pressure vessels of the size required by a wind tunnel and pumps

probably provides a pressure limitation somewhere between th and 10S

psi.
In any event, the limitation is remotely removed from the point of meximum
heating for Apollo which is about 32,000 fps.

Figure 4 shows the mass flow rate that would be required per square foot
of test Section.. It can be seen that the required flow rate 1s not a strong
function of entry velocity but is influenced by the simulated altitude.

The small and moderate flow rate curves pass through the Apollo region. How-
ever, & very substantial flow rate is required for the ICBM region.

Figure 5 shows the hest energy required per square foot of test section
to provide a duplication of enthalpy. It is to be noted that this is the
energy in the air and that the energy supply must be 2 to 3 times as great
because of the losses incurred during transfer to the air. At the higher
altitudes where smell and moderate mass flow rates are adequate, the energy

requirment can be met without difficulty. However at the lower altitudes

which require large mass flow rates, the power requirement is prohibitive.



~VIII-h-

At the NASA Langley Research Center with the existing power distribution
system, it is possible to draw a maximum of 100 megawatts. Assuming about
50 percent efficiency, a device with 1 square foot of test section could
be powered at an energy level that would approximately coincide with the
lower bound of the Apollo region.
Exact duplication of the stagnation flow condition 18 out of the question,

mainly because of the pressure requirements.
FACILITIES FOR SIMULATING CONVECTIVE HEATING

The type of facility most commonly used to evaluate thermal protection
materials is that which utilizes an electric arc for adding energy to the
gas stream. Figure 6 shows the capabiliti.es of arc facilities presently
being used, In this figure, the limitations of present facilities have been
plotted in terms of arc chamber pressure and enthalpy, the two most important
parameters in an arc-heated wind tunnel (ref. 3].

One of the principal fectors that limits the capabilitieé of present
facilities is the energy losses which result from thermel radiation from
hot, high-pressure gases to the walls of the arc chamber. This problem ares
has not yet been well researched. Perheps a more fundamental difficulty
is the inability to sustain an arc in a moving gas stream at high pressures.

Another problem area results from the cooling requirements for the
nozzles. The dashed line i1s an estimate of & practical limitetion and
approximately corresponds to nozzle heating of 10,000 Btu/fta-sec.

The stringent requirements of exact duplication of high-velocity entry
is indicated for the altitude range of 100,000 to 300,000 feet and quite

obviously will not be achieved with present techniques. If one is willing
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to relax the Mach number requirement and settle for & partial simulation, the
indicated shaded area results. Even this partial simulation of a low-alti-
tude flight cannot presently be achieved for high-entry-velocity situations.

This point cen be made more directly by superposing the exact and
partial simulation capebilities of present facilities on the flight regions
as shown by figure 7. Our ettempts to simulate all the quantities of interest
cover only a small portion of the fiight regions.

As yet no mention hes been made of size and it is pertinent to point out
that certain of the entry effects such as heating rate, aerodynamic shear,
ete., are dependent on the size and geometry of the specimen. Further com-
plications result because the mass flow characteristic of presently available
facilities greatly limits the size of the specimens.

So one is confronted with partial simulation of a few of the entry heat-.
ing parameters in & given test, a scaled-down specimen, but generally with
full-scale heat shield materisls. It is not possible to model with a differ-
ent materiasl because of the dissimilarity of meterial response in a given
environment. The‘heat shield material thickness is generally not scaled
because a given heating environment requires a given thickness regardless of
the specimen size.

The usual technique is to conduct a series of tests in each of which
a few parameters are simulated. Then analysis or other test results are
employed to indicate the degree that the interaction between the parameters
influences material response.

Figure 8 shows the test stream configurations commonly employed for
materials testing with arc air heaters (ref. 4). TFree jets, which exit to
the atmosphere, are used in both subsonic and supersonic arrangements. The

pressure at the model is atmospheric pressure or greater. The splash
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technique is the simplest and cne of the more commonly used techniques. The
heated stream and the specimen are sized so that the stream impinges on the
specimen rather than enveloping it. This condition affords a simuletion of
stagnation-point heating conditions. Some attention must be devoted to
preventing heat flow into the sides of the specimen if stagnation-point
heating is to be realistically simulated. The splash techniqﬁe is utilized
in materiel screening and evaluation programs and in instrumentation studies.

The arc tunnel arrangement is‘utilizeﬁ for the consideration of locat-
ions other than the stagnation point. The stream is expanded and discharged
into an evacuated plenum chamber. Expansion of the stream results in the
capability of enveloping rather large specimens with a hot gas stream. The
pressure at the specimen can be less than atmospheric, thus simulating high
eltitudes.

The technique of shrouding the test model is utilized to produce subsonic
flow shead of the model. With a given mass flow, more of the hot gases can
be brought into contact with the specimen. The result is that for a given
flow situation lafger specimens can be tested., This technique is employed
to study the effects of pressure gradients and other phenomena associated
with two-and three-dimensional stagnation areas.

The pipe flow technique consists of utilizing the test specimen in the
form of a simple or internally contoured pipe through which the gas stream
flows. This method of testing materials has been used to determine the effects
of flow on the test material. The shape of the pipe and the flow parameters
can be selected so that turbulent flow results. Thus the interaction between

an ablation material and turbulent flow cam be investigated.
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FACILITIES FOR SIMULATING COMBINED RADIATIVE AND CONVECTIVE HEATING

Up until the present time, entry velocities have generally been suffi-
ciently low that entry heasting has been essentially a convection process.

For entry near earth satellite speed, the radiative component is negligible -
except for the ICBM's which plunge deep into the atmosphere. As the entry
velocities become greater, the air in the how shock layer becomes excited to
the point where it becomes a powerful source of radiative heating. At es-
cape velocity, radiative heat transfer is a significant part of the heating.
For planetary exploration vehicles that reenter the earth's atmosphere at
very high speeds - well above escape velocity - radiative heating can be-
come the dominant mode.

At preaent; most of the experimental ‘research on thermal protection mate-
rials is carried out in facilities that provide only convective heating. Arec
imege furnaces are used to provide radiative heating only. It is a generally
accepted view that even in those cases where radiative heating is the deminent
mode some convection at the heated surface is required for proper simulation.
Only in a few instances have there been attempts to provide combined convec-
tive and radiative heating.

The next few figures show known existing devices for providing combined
heat. Figure 11 shows a device used at Langley (ref. S). A resistance
heated graphite sleeve was placed in tandem with the output from an arec Jet,
providing radiative inputs to the specimen up to 200 Btu/fta-sec. This
device is unsatisfactory hecause the Jet stream consumes the grephite heater
resulting in frequent replacement. In addition, because of the presence of

large amounts of carbon in the stream, the chemistry at the surface of the
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ablating specimen is not correct. Lastly, the radiative rates available are
not high enough.

The Ames Research Center is using a device (ref. 6) which couples an
arc image furnace to a small arc jet, producing the radistive rate shown in
figure 12. The output from the carbon arc is refocused on the specimen by
means of mirrors with the output being controlled by & shutter, screen, and
filter arrangement. An advantage of this type of arrangement is that the
radiative and convective heating ere independently controlled. However, the
radiative Ira.te shown represents sbout thé maximum that cen be achieved with
arc image furnaces.

Another device is shown in figure 13. This device is employed by the
General Electric Company and is essentially a long constricted arc (ref. 7).
The test gas is heated by the arc and expelled into the plenum chamber and
through the nozzle. The model is positioned so that it receives radiative
heating from the ai'c and the plenum chamber gases. The maximum radiative
rate is obtained when the specimen completely blocks the flow and the by~
pass port is used to discharge the heated air. By aelectiw.le positioning
of the specimen and adjustment of the bypass port, various combinations of
convective and radiative heating are obtained. The technique involves the
use of the seme arc to provide hoth rediative and convective heating. The
disadvantages are the relatively low radiative rate and the coupled control
of convective and radiative heating.

Figure 1L shows a device which reportedly affords a very high radiative
heating rate. In this device the material specimen servee as the chamber
that confines the arc which radiates directly to the test material. The

radiative rates are calculated to be as shown. However, the only gases

involved are those generated when the test material decomposes. These gases
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exit around the electrodes as shown and reportedly produce a stegnation
ares type of flow at the center of the specimen. Tt is evident that the
convective heating and the surface chemistry are not correct.

In another version of the technique of using the test material to con-
fine the arc, the arc and test geses are passed through a cylinder of test
material which confines the arc and the gas flow. The test material thus
constitutes a portion of the constrictor.

There are shock tunnels both existing and proposed, modified in various
ways, that produce good simulation of the high-speed thermal environment.
However, testing is restricted to very small models and to test times
" measured in microseconds. Thus, although the shock tube facilities are
extremely valuable in research on the physics and chemistry of air, they
are of little value for testing materials. The one known exception is the
Cornell Aeronautical Laboratory's Wave Superheater. The superheater which
utilizes a sequential firing of meny shock tubes provides good simulation

up to sbout M = 14 with test times as great es 15 seconds.
RESPONSE OF ABLATIVE MATERIALS TO SIMULATED ENTRY ENVIRONMENTS
Research has shown that two of the important characteristics of a good
heat shield material are the ability to sustain high surface temperatures so
as to reject heat by reradistion and good insulative properties so as to de-
lay heat penetration to the interior of the vehicle.

Charring Ablators

A class of materials which has been shown to have these characteristics
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are the so-called charring abletors. Charring ablators function in & very
complex manner. In addition to being related to each other, the besic proc-
egses and mechanisms which are brought into play are intimately related to
the gsero-thermal environment. Therefore the type of test simulation in-
fluences the material response.

Some of the details of & charring ablator are shown in figure 15 (from
ref. 8). The charring composites, in general, consist of plastic resins -
such as phenolic, epoxy, and silicone - filled with organic or inorganic mate-
rials in the form of powder, fibers, or cloth. On the left are typical
lsyers which result during ablation. At the bottom is the structural sub~
strate to vhich the virgin composite is bonded. Above the virgin material
is the pyrolysis zone at which, due to the influence of heat, the virgin
materié.l decomposes into gases end a carbonececus residue. As the decom-
position proceeds, the carbonaceous layer, or char, reinforced by the filler
materials builds up to an appreciable thickness. _ Finally, if glassy filler
materials are used, a melt leyer may exist. )

On the right are some of the processes which teke place during ablation.
Pyrolysis takes place at the relatively low temperature. Thus the potential
for heat conduction is not very large and if the diffusivity of thev virgin .
material is‘ sufficiently low the temperature response of the structure is
glow. When pyrolysis takes place the degradation process serves as a heat
sink. However the heat of degradation is generally small compared to the
amount of heat that must be accommodated overall by the ablator. The
pyrolysis geses percolate, or transpire, through the char picking up heat
in the process. There is also a possibility that reactions mey teke place
between the gases and the chars or between the various gaseous species.

Within the char, conduction of heat toward the pyrolysis zone is partly
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canceled Sy action of the trenspiring geses. The gases are then injected
into the boundary leyer, thereby blocking convective heat transfer to the
surface. As the char layer becomes thicker the surface temperature rises
and a large amount of heat is rejected by reradiaf;ion to space. The char
is then eroded by thermal, chemical, or mechenicel means such as sub-
limation, oxidation, or removal by aerodynamic shear,

Basic equations governing the response of charring ablators are shown
in figure 16. At the top, the surface eneréy ‘balance, or boundary condition,
is given. The convective heating is reduced by the hot wall correction and
the blocking effect of the transpiring gases. Next is that portion of the
radiative heating which is absorbed. For present materials, this is usually
most of the radiastive heating because the reflectivity of the charred surface
is low. The next term is the heat input which results from the oxidation
of the char. There might also be another term here which results when the
pyrolysis gases undergo & homogeneous combustion reaction in the boundary
layer. On the right side is the reradiative term which is very important
for charring ablators, conduction into the interior of the heat shield, and
a term to ellow for the sublimation of the char which may take place if the
temperature is sufficiently low., The effects of pressure and aerodynanmic
shear are not shown here -~ mainly because there is very little experimental
evidence to indicate how these mechenisms must be treated. At present, they
are usually treated with euxiliary equations which specify a maximum char
thickness.

An energy balance on the degrading material produces the ‘very general
equation shown here. Except for the term which accounts for heat disposed
of by convective transport, the equation is similer to the diffusion equation.

This equation probably overly simplifies the mathematical formulstion of the
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prohlem as‘ma.n:{ auxiliary equations are required to account for all of the

mechanisms.
Instrumentation of Ahlators

One of the primary difficulties that is experienced with the experimental
evaluation of charring ablators is that severel effects take place simultane-
ously and what one sees when the test is coﬁ:pleted is the combined, or over-
all, effect. During the course of the test, the receding char surfece is
usually obscured by the pyrolysis geses or the air stream and therefore
motion pictures do not yield much quentitative information.

In the past, the principal type of instrumentation utilized in ablation
tests has heen thermocouples. However, even when thermocouples are used the
utility of the data is limited and, in fact, scmetimes erroneous. Figure 17
has been prepered to illt}strate the latter point. There i1s shown a sectioned
test specimen which was instrumented with camplete disregard for the dasic
rules of thermometry. The thermocouples were positioned with the axes of
the wire in the direction of the flow of heat. The thermocouples are much
better conductors than the virgin plastic as is evidenced by the degradation
of material elong the wire. There can be not doubt that erroneous temper-

ature readings were obtained in this test.

Figure 18 shows quantitatively the effect of thermocouple configuration.
Configuration (1) consists of a grooved plug with & wire running down each
side. The wire insulation is removed and replaced with ceramic tubing. At
the end of the plug, the bare wires are joined at the center. Several diam-

eters of the wires are perpendicular to the heat flow direction to minimize

the conduct effects. Configuration (2) consists of a thermocouple potted
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in a hole whose axis is parallel to the heat flow. 1In this cese, the wire
insulation is replaced with two-tube ceramic tubing. Coqt}iguration (3)-"

is similar to configuration (2) with the exception that the. resin-glass
insplation is left on the thermocouple wire: The difference between tl;e
reéponse of sensors (1) and (2) shows the effect of thermocouple config-
uration with the temperature difference being as much as 15°°°,‘F' The
difference between the responses of sensors (2) and (3) results from the
difference between the conductivities of the wire insulation aud the ceramic
tubing.

Even the use of correct thermocouple technique does not yield as much
information on the performance of charring ablators as is desired. Among
the items one would like to see recorded during a test are the surface
recession and the char thickness. The Instrument Research Division at
Langley has been studying instrumentation for ablators and has devised
some rather promising sensors using simple techniques.

Figure 19 shows a meke-wire gage. Make-wire gage techniques have been
utilized before but- with rather limited success. This version, which is
intended to sense the interface between the virgin material and the char,
shows considerasble promise. Ten-mil platinum wires are positioned as shown
in a split plug of the plastic material. Noble metal is used to prevent
the formation of conductive oxides. It has been found essential to peen
the ends of the wires to meke good contact with the char. As the front
of material degrédat:'\.on passes the ends of the wire the electrical con-

, duectivity of the material in contact with the ends increases. and the circuit
is completed through the char. Conditioning circuitry is used to provide

a constant voltege step indicating the event.

A gage for sensing the surface recession is shown in figure 20. A
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tungsten wire is ettached to one leaf of a spring-loaded microswitch. The
wire is threaded through a molybdenum tube and knotted in such a fashion
that the switch is open. As the surface recedes toward the end of the
sensor the temperature increagses to the point where the tungsten melts and
the switch is closed by the spring, giving a voltage indication of the event.
Tungsten melts at about LT00° F so this is actually a temperature indiéator.
However, the temperature gradients are very steep near the surface and
therefore, the 4700° F isotherm corresponds Qery closely to the surface
location. In principle, one would make the wire refractory enough to en~
sure the surface being reached but of small enough mass so that-it would
melt immedistely upon exposure at the surface.

Another type of surface sensor is shown by figure 21. This is a light
pipe sensor which consists of a sappire light pipe, an infrared filter, end
a photo-registive diode. The diode decreases in resistance with increasing
light. The infrared filter is used to make the gage less sensitive and
more capseble of & sharp output. At 1000° F there is essentially no out-
put from this segé. As the end of the light pipe epproaches the surface
due to the repidly increasing temperature an output results.

Figure 22 shows the determination of char thickness with these gages.
Recession of the char interface was sensed by the make~wire gege and reces=
sion of the surface by the light pipe sensor., The difference between the
two readings gives the char thickness as a function of time. The magnitude
and steady-state char thickness were verified by measurements of char thick-
ness on sectioned specimens tested for 10, 20, and 30 seconds.

In addition to sensors such as these, research is being performed by

several organizations on sensors which utilize radiocactive elements. The
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change in measured radioactivity is used as a means of locating the surface
and the char interface.

The most careful simulation of entry heating on a charring eblator
will not yield the detailed information regarding the ablation processes

unless suitable ablation sensors are developed.
Effect of Radiative Heating

Unfortunately there is a dearth of useful experimental data from com-
5ined convective and redietive tests - principally beceuse of the lack of
adequate facilities. Figure 23 shows some results obtained by Langley using
the resistance-heated graphite radiator previously described (ref. 5). The
efficiencies of three materiels - Teflon, Fluorogreen, and phenolic-nylon =
are given as a function of the totel cold-wall heating rate. Efficiency or
effectiveness will be used in succeeding figures and is defined as the total
cold-wall heat input which can be sccommodated by a pound of material before
reaching é specified back-surface temperature - which was 300° F in this
case. Data are shown for radiative heating alone, convective heating alone,
end combined convective end radietive heating. Briefly, when teflon ex-
periences radiative heating alone or combined radiative and convective heat-
ing its efficiency drops considerably from the level that would heve been
obtained with convective heating only. This is attributed to the thermal
transparency of teflon. TFluorogreen is essentially Teflon with additives
that increase the opaqueness to thermal radiation. Although the result with
convective heating alone is the seme as for Teflon, radiative'heating produces
much less decrease in efficiency.

Finally, for the phenolic-nylon material, it is seen that over the test
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range of heating rates about the same efficiency is obtained regardless of
the type of heating. However these results are not believed to be indicative
of what would happen in a flight situetion. In these tests the enthalpy was
quite low and therefore the sblation blocking mechanism was not very signif-
icant. Inasmuch as it is this blocking mechenism that is most affected by
rediative heating, the simulation was not adequate.

Figure 2L shows some calculated results (ref. 11) which probably provide
a clearer picture of the effect of radiative heating. The ordinate is dimen-
sionless heat of dblation, vwhich is8 a gage of material performance, and is
defined by the equation where q, is hot-wall convective heating rate to
a noneblating body and 9, is the net radiative heating. The abscissa is
the dimensionless enthalpy difference. The quantity qr/qo is the ratio of
the net radiative heating - that is, the radiative input minus reradiation -
to the hot wall convective rate. The curve marked for the zero value of
the ratio is for convéctive heating only. As the ratio increases, the heat
of ablation decreases by a substantial amount. This results because the
gases that‘the ablating surface injects into the boundary layer generally
do not block radiative heating. More mass is injected into the boundary
leyer than would be the case 1f all the heating were convective. Negative
values of the ratio result when the reradiative rates are higher than the
radiative input. In this instance, there is an increase in heat of ablation.
Thus it cen be seen that the effect of radiative heating depends critically
upon the relative magnitudes of the radistive end convective heating and the
enthalpy difference.

Another aspect of this problem is the effect of radiative‘heating ina
situation where char oxidation is significant as it may be for charring abla-

tor. At the higher temperatures, oxidation is a function of the rate of
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diffusion of oxygen to the surface. In turn, the diffusion of oxygen is
related to convective heating. Just as mass injection blocks convective
heating, it also interferes with the diffusion of oxygen to the ablator
surface. Therefore, the mass injection which results from the radiative
component of heating will lessen the char oxidation. Combined radiative
and convective heating should result in less severe oxidation than an equal

amount of convective heating only.
Effect of Convective Heating

Heaﬁ shield efficiency changes greatly with variation of the entry
environment and the various materials respond differently to these varie-
tions as shown by figure 25. In each of the four graphs, the change in
thermal efficiency of two good heat shield materiels is plotted as a
function of changes in an important environmental; for example, an increase
in velocity, or enthalpy, from orbital to escape speed, such as going fram
the Mercury to the Apollo mission. Also considered are changes in the heat-
ing rate, surface coxidation, and shear.

Figure 26 shows qualitatively the effect of oxidation on char erosion.
The sectioned specimens shown here were tested in an arc Jet condition that
was not energetic enough to remove char by means of pressure or shear forces.
In eddition, the surface temperatures experlenced by these specimens were
not high enough to result in the sublimation of char. The principal means
of char erosion was oxidation.

The specimens were mede of the saﬁe material and were of the same shape

end size. They were subjected to the same heating conditions for the same



~VIII-18-

period of time. The only differences in the tests were the oxygen percent-
sges of the stream. The original specimen outlines are shown for reference
purposes.

The specimen on the left was tested in a 100-percent nitrogen stream.
This specimen, which shows a small change in size and practicelly no change
in shape, lost sbout 47 percent of the originel mess. The small change in
size is believed to have resulted from shrinkage which occurs when this
material pyrolyzes.: The specimen in the middle was tested in a stream whose
content by weight was 90-percent nitrogen and 1lO-percent oxygen. The change
in size is more substantial and there is a significant change in shape. The
total mass loss in this test was about 56 percent. Finally, the specimen
on the right wes tested i: air. Here there is a drestic change in size and
shape. The mass loss for this case was 68 percent. A closer examination
also reveals that the char thickness is inversely related to the oxygen con-
tent with the thickest char being developed in the nitrogen stream.

Effects such as these have a marked influence on the efficiency of a
- material ;s can be seen in figure 27. Thermal effectiveness of a phenolic-
nylon material is plotted as & function of cold-wall heating rate for tests
in/streams of four different compositions. For tests in air, the effective-
ness is sbout 6000 Btu/lb and is a very weak function of heating rate. For
tests in nitrogen, the effectiveness is from 2 to 3 times as grest as obtained
in the tests in eir for the range of heating rates shown and is strongly
influenced by heating rate.

Figure 28 shows a comparison of calculated and experimental oxidation
effects. In this case, the material effectiveness is plotted as a function
of stream oxygen content for a single heating rate. Calculated data are

shown for enthalpies ranging from 3,000 to 25,000 Btu/lb - corresponding
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to a low enthelpy test condition and the enthalpy associated with entry at
escape velocity. Experimentsl data taken at 3,000 Btu/lb indicated fair

agreement betwegn experiment and theory. More important, however, is the
conclusion that the major oxidation effects occur at the lower enthalpies.

If high enthelpy char oxidation is to be simulated in a low enthalpy
facility, the stream oxygen content must be reduced. Tests in air would
indicate a more deleterious effect than would be obtained in flight. This
also emphasiées the attention which must be given to producing the proper
surface chemistry when simulating heating.

The oxidation effect just shown for phenolic nylon might not appear
vhen dealing with another material. Figure?29 shows the results of a
similar series of tests on & silicone resin with glass fillers. Again
effectiveness is plotted as a function of heating rate. The first thing
to note here is that the stream composition generally spesking has e rather
negligible effect on the performance of the materisl. However this mater-
ial does show a heating rate effect. When this material ablates, a glassy
layer is formed at the surface. As the heating rate, end in turn the sur-
face temperature, increases, the glasdy layer becomes less viscous and is
rapidly removed by aerodynamic forces. The maximum efficiency is produced
at about 150 Btu/ftz—sec.

If one were considering this meterial and the previously discussed
phenolic-nylon material for a flight application and made screening tests
in air to determine which meteriel was best, he might erroneously conclude
that the silicone material was much better than the phenolic-nylon material.
Actuslly, if proper consideration is given to the fact that the test of
phenolic nylon in eir is more severe then would be experienced in flight,

one concludes that up to a heating rate of 150 Btu/ftz-sec the efficiencies
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vould be about the same.

Figure 30 shows a comparison of calculated end experimental heating rate
effects for the silicone material. The experimental data curve is the average
of data taken at 3,000 Btu/lb. Calculations are shown for two enthalpies,
3,000 and 25,000 Btu/lb. The test specimens on which the experimental data
were taken had calorimeters on the back surfaces. The calculations shown
here do not include the effect of the calorimeter. However since this figure
was made, the effect of the calorimeter has been included and the calculated
curve for 3,000 Btu/lb ghifted slightly to the right and slightly above the
data curve shown here. The significant feature of this figure is the indi-
cation that it is possible to analytically predict the heating rate effect.
If one can predict test results, one can extrapolate to conditions more

severe than the test environment with much greater confidence.

Mechanical Erosion of Char

The next itexi to be discussed is the erosion of char by aerodynamic shear.

This is a phenomenon that is not presently well understood but which‘ can be
demonstrated to be very significant. Manned vehicles experience long heat-
ing periods and in order to improve sblation material insulative qualities

80 as to provide protection for long heating times, there has been a trend
toward decreasing material density. This has been shown to increase the
effectiveness of the materials. However the chars which are produced by

the low-density materials may be quite fragile. Even the low to moderate
shear forces experienced in & manned entry mey result in substantial erosion

of the char and a drastic decrease in the materiasl efficilency.
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Figure 31 shows sectioned test specimens subjected to different shear
levels. Two materials were tested, a molded phenolic-nylon and a glass rein-
forced epoxy resin. The phenolic material was 36 1b/ft3 and the epoxy material
was about 32 1b/ ft3. However there was a vast difference in char strength as
is indicated here. The original specimen profiles are shown fof reference
purposes. At the low shear level, the phenolic material experienced no
difficulty, whereas the epoxy material experienced significant erosion. At
the high shear level, the difference in performance is greatly magnified -
particularly when one notes that the phenolic materiel was exposed about
four times as long.

The reason for pointing out these shear tests is that, in the past,
experimenters have been obsessed with producing high enthalpy test devices.
In many instances, the high enthalpy devices utilize very low mass flows
and produce negligibie shear on specimens. Phenomena such as shown here
can be completely overlooked in such cases.

As e metter of fact, some thought is now being devoted to the considera-
tion of d'uplica.tién in terms of what the ablating surface feels rather then
devoting so much attention to the simulation of free-stream parameters. Fig-
ure 32 shows some of the inputs to the surface of the material. The inputs
are thermal, chemical, and mechanical. The thermal inputs shown here are
the absorbed radiative heating and the net convective heating. The chemical
input is the rate of diffusion of oxygen. The mechanical inputs are the
pressure and the shear.

First-order approximations show that the inputs are related as shown.
The denominators are the enthalpy, concentration, and velocity differences

across the boundary layer.
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Some preliminary testing has been done utilizing this approach. The
results are shown in figure 33. A test was made in a high enthalpy facility -
which produced the test conditions shown here. Because the facility is new=-
ly installed and control equipment is presently lacking, the oxygen concen=-
tration was high. The test results obteined on a phenolic-nylon specimen
vwere as shown. Calculations were made to determine what the test condi-~
tions, other than enthslpy, should be in order to produce similar results.
A specimen tested under the calculated conditions in the low enthalpy
facility produced the listed results which are quite similar to the high
enthalpy results.

Figure 3l shows the sectioned test specimens to further demonstrate
the similarity. Admittedly these are preliminary data, but it is believed
that more attention should be devoted to this approach to simulation. It
is quite possible that present facilities, limited as they are, can produce

more meeningful test data.
" FLIGHT TESTS OF ABLATIVE MATERIALS

Up to now, ground tests have been discussed exclusively. In spite of,
the vast number of ground tesis, they eare, at best, partial simulations of
many effects. The final verification of a heat shield design, or of an
analytical prediction, or a simulastion technique, must be accomplished by
flight tests. Flight tests provide the necessary confidence factor for the
utilization of ground test results.

An example of the type of test of interest is the pending test of
charring sblator in a high enthalpy reentry environment which cannot presently

be simulated on the ground. The booster that is to be utilized in this test



~VIII-23-

is the four-stage Scout booster. A fifth stage, in the form of a spherical
rocket, is added to the payload, Two rockets are fired to propel the pay-
load upward to the desired position and the remaining three rockets drive
the payload into the earth's atmosphere at a velocity of ebout 28,000 fps.
(y=-1.5°, E:%z;ss psf.)

Figure 35 is a picture of the payload with the components separated.
The 18-inch-diameter aft end of the payload is at the left of the photo-
graph where interstage structure can be seen attached to the spherical motor.
These components are separated before reentry. The instrumentation deck is
to the right of the sphericel motor. Next is the instrumentation deck hous-
ing. The white truncated cone is the payload afterbody which is constructed
of magnesium covered with Teflon for thermal protection. The next component
is the payload battery pack. The ll-inch-diameter paeyload nose cap at the
extreme righﬁ is the primary experiment. A low-density charring ablator
is bonded to a steel shell. The ablator is well instrumented with thermo-
couples ana the previously described sblation sensors.

Considerable éround test date for the material were generated. In some
of the tests, excessive char erosion was apparent. However, the actual fail-
ure mechanism could not be determined. Using availeble data, several
organizations made predictions of how the material would perform in the
flight test. The results were as shown in figure 36. The amount of heat
shield materiael remaining is plotted ageinst time, measured from the begin-
ning of heating. The heating pulse is shown for reference purposes. The
shaded band shows the range of predictions. At the top edge of the band
where success is predicted, the prediction procedure was almost entirely
empirical to the extent of employing an unrealistic ablation model with

empirically determined characteristics. At the bottom edge of the band,
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the heat shield is predicted to fail before pesk heating. In this case, &
more reasonsble ablation model was utilized with correlated test data to
prescribe char removal. The deta however were taken at conditions somewhat
different from the entry environment. Several other predictions fell be-
tween these two extremes but most of them predicted failure near the end
of heating. |

This is a very graphic example of the wide variation in results that
are obtained when test data are extrapolated considerably beyond the range
of parameters of the tests in which the data are taken. However, it should
be pointed out that the performance of this material could not be cheracter-

ized to the desired extent before the predictions were made.
CONCLUDING REMARKS

The effects of several environmentel parameters on the behavior of abla-
tion materials have been examined. Practically all the entry heeting param-
eters such as énthalpy, pressure, heating rate, aerodynemic shear, and so
forth, affect material performence. However, the significence of the effects
depends to & large extent upon the type of material. Inasmuch as it is rare-
ly possible to simulate several environment effects simulteneously, the
primary inputs must be determined and the test simulation must account for
the effects of these inputs. The particuler materials of concern must be
characterized by test and analysis to determine which of the many environ-
mental inputs are the most significant.

It must also be evident that extrapolation of experimental data to an
environment considerebly more severe than the test environment can lead to

erroneous conclusions. Admittedly at the present time, extrapolation must
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generally be resorted to for the most edvanced entry missions. However, by
combining careful characterization of materials in less severe environments
with anelytical predictions of behaviar in the flight enviromment, one may

develop procedures that can result in adequate heat shield designs.
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Figure 2.~ Calculated sblation efficiency with radimtive heating.
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Figure 26.- The effect of oxygen on char erosion.
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Figure 31.- An example of char removal by serodynamic shear.
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DETECTION OF, AND COMMUNICATION WITH SPACE
VEHICLES DURING ATMOSPHERIC ENTRY; PROBLEMS
IN SIMULATION
by
*
8. C. Lin

Avco-Everett Reseerch Leboratory

INTRODUCTION

In considering the problem of communiceting with outer space and de-
tection of spacecraft from the ground, one usually has to worry about only
the propegation characteristics of electromagnetic waves of vacuum vave-
length falling within either one of the two well known "atmospheric win-

dows,”

namely; (1) the "optical window" extending from about 0.3 microns
to a few ;nicrons, and (2) the "RF window” extending from a few millimeters
to sbout 30 meters in the wavelength scale. However, during entry (or re-
entry) of a spacecraft into the earth's atmosphere, there exists two phy=-
sical phenomena which tend to complicate the communication problem on the
one hand, and to simplify the detection problem on the other hand.

To explain these phenomena, let us take a look at the hypersonic
flow field around a typicael vehicle depicted in Figure 1. This schematic
drawing is reproduced fram a paper published by Professor Lester lees
of Californie Institute of Technology in 1962 (Ref. 1). Even though a

sphere is used here as ean example for the sake of simplicity, the

# Now Professor of Engineering Physics, University of California, st
San Piego, La Jolla, California.
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general features of the flow field are quite characteristic of those

of the hypersonic flow ercund e reelistic spacecraft, such as the Mercury
capsule and the plamnned Apollo re-entry vehicle. As noted by Professor
lees, one of the most striking features of the flow field around such

a blunt object at hypersonic speed is the bow shock wave. This shock
vave, nearly parabolic in shape, is first formed in front of the re-
entering spacecraft at sltitudes of the order of 300,000 to 400,000

ft, depending on the size of the spacecraft. The gas that traverses

the strong, nearly normel portion of the bow shock wave, 1s compressed
and heated irreversibly by the shock, end forms an outer wake behind the
body. The temperature and density of the gas behind the apex of the bow
shock wave, where the gas is prectically stagnant, is illustrated in
Fig. 2. This figure is reconstructed from s paper by B. Kivel, dated
19‘59.2 The temperature and density shown here as functions of flight
velocity and altitude were based on & local equilibrium adisbatic shock
compregsion process. The dotted lines illustrated some typical veloclity-
altitude relationships for two typicel spacecrafts during re-entry;
namely, a Mars probe and & near-orbit earth satellite. It is seen that
the gas temperature in the stegnation region, thet is, the region behind
the apex of the bow shock wave, is typicelly of the order of 6,000 to
15,000°K, After the shock compression, the gas re-expands as it accel~
erates around the side of the gpacecraft so that the temperature in the
other part of the flow field may be expected to be somewhat lower. How-
ever, even after isentropic expansion back to ambient pressure, which
occur in a distance of about 50 to 100 diemeters behind the spacecraft,
the gas tempersture would still remain at sbout US00%K at satellite ve-

locity and at about TOOO®K at the Mars probe velocity. At these high
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temperatures, air, which is normally transparent through the visible

part of the spectrum, becomes highly dissociated, ionized and optically
active. This is illustrated in Fig. 3 and 4, which depiet the chemical
composition of air behind the normal shock wave up to satellite velocity,
and the spontaneous emission intensity up to 18,000°K temperature under
the condition of thermodynamic equilibrium. Since this emitted radiation,
which amounts to many kilowatts or even megawatts per liter of the high
temperature air, is given out mostly in the visible part of the spectrum,
it becomes a bothersome background noise when one tries to communicate
with a spacecraft through the "optical window" of the atmosphere. On
the other hand, this strong radiation also serves as a natural beacon
announcing the arrival of the spacecraft as it enters the earth's atmo-
sphere. An example of this phenomenon is illustrated in Fig. 5, which
shows a ballistic caﬁera trace of a missile nose cone as recorded by

the Avco Everett Research Laboratory over the south Atlantic.h This
photograph was taken with an open shutter camera in much the same way

as in the recording of luminous meteor trails.

The second physical phenomenon which complicates the communication
problem of hypersonic flight is the ionization phenomenon. At satellite
velocity, the degree of ionization behind a normel shock under the con-
ditions of thermodynamic equilibrium is about 0.1%. At higher velocities,
the degree of icnization is correspondingly higher (see Fig. 6 and Ref.
5). Even at the degree of ionization of 0.1%, the high temperature air
is already a better conductor of electricity than ses water by a factor
of ebout 100. In terms of number of free electrons present, a 0.1%
ionization corresponds to 5 x 1013 electrons per cubic centimeter be-

hind & bow shock at an altitude of L0 miles. This is sbout 108 times
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greater than the maximum electron density found in the ionosphere. Thus,
e re-entering satellite would soon find itself engulfed in a plasma sheet
which is practically impenetrsble to radio frequency electromagnetic
radiation. This gives rise to the so-called “communication black-out"
phenomenon, wvhich normally occupies the essentisl part of the re-entry
period.

Even though the thermal ionization phenomenon Just mentioned does
not make the gas emit strongly in the radlo frequency part of the elec-
tromagnetic spectrum, it nevertheless manifests itself in the detection
problem in enother way; namely, as the ionized gas expands around the
side of the spacecraft into the wake, the electrons that are produced
by the bow shock wave do not disappear immediately. Instead, they re-
combine at a finite rate and hence persist over considerable distances
behind the spacecraft. For spacecrafts of sufficiently large sizes, the
weke flow often becomes turbulent even at relatively high altitudes (see
Refs. 1 and 6). As the ionized gas produced by the bow shock wave is
inhomogeneously mixed with the cold ambient air in the turbulent flow
field, the resultent gas mixture becomes a very good scatterer of radio

frequency electromagnetic radiation. 7

This is illustrated in Pig. T,
vhich shows the strong radio echoes observed by Lin, Goldberg, and
Janney8 during re-entry of the' MA-6 Mercury capsule carrying Lt. Col.
John Glenn ip his first orbital flight on February 20, 1962. The radio
frequency employed in this case was 30 Mc/S and the altitude of the
Mercury capsule during the observation was about 230,000 ft. For
several seconds before and after the Mercury capsule passed overhead

the observation station, the equivalent back-scattering cross section

of the turbulent wake of the Mercury capsule was found to be several
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thousand times greater then the bare-body cross section of the Mercury

capsule itself in free space.

, COMMUNICATIONS THROUGH IONIZED SHOCK LAYERS

AND WAKES

With the above introductory remarks, we shall now examine the fun-
damental problems related to the radiation and ionization phenomena.
In particular, we shall try to identify the various physical quantities
which govern the absolute intensities of these phenomena. In view of
the facf that the problems of communication through the optical window
and through the RF window of the atmosphere are somewhat different
(even though the fundsmental processes are somewhat related), we shall
consider these two problems separately. Here we are using the word
"communicgtion" in & somevwhat general sense to include both the prob-
lems of detection .and of signal-sending.

Communication Through the Optical Window: The problem of commun-

icetion through the optical window inveriebly involves the question of
sbsolute spectral emissivity of the high temperature air produced in

& hypersonic flow field. A typiceal set of emission spectra from shock-
heated air, nitrogen and oxygen is illustrated in Fig. 8. It is seen
that the spectra generally consist of intense molecular bands, atomic
lines, end continua of verious origins which spread over the major por-
tion of the visible spectrum. In the problem of detection of spacecraft
during re-entry, one is most interested in those parts of the spectrum
where the emission is the strongest in order to sélect the most suitable

opticael sensor. On the contrary, in the signal-sending problem, one is
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interested in the other parts of the spectrum where the emission is
the weakest so that the backgrdund noise within the communication
chennel {e.g., a narrow-band laser besm) can be avoided as much as
possible. In this letter problem, cne is also interested in knowing
the absorption coefficient of the high temperaﬁure gas 1n the same
spectral region, so that the sending of opticel signals through the
shock layer can be mede with a minimum smount of attenuation.

In order to determine the absolute spectral emissivity end absorb-
tivity in the verious parts of the hypersonic flow field, it is necessary
first of all to kﬁow the thermodynamic state of the ges in the various
parts of the flow field. Secondly, one has to know all the chemical
kinetic processes which determine the relative concentration of the
different chemical species which participate in the emission and ab-
sorption processes. (This includes also the excitation and de-
excitation mechanisms of the various energy states for each chemical
species.) Finally, after knowing the relative population of the varicus
energy states of the different chemical species, one needs to know
further the absolute optical transition probabilities associated with
various molecular bands and atomic lines.

Communication Through the RF Window: Due to the great dispserity
between the atomic length scale and the wavelength of radio frequency
electromagnetic waves, the bound states of atoms and molecules generally
do not ebsorb strongly in the redio frequency part of the electromagnetic
spectrum. Therefore, the communication problem through tbg RF window
essentially involves the presence of free electrons in the high tem-
perature gas.

The problem of propagation of redio waves through an ionized medium
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has been a subject of intense study at the turn of this century by
physicists and geophysicists, such as Lorentz, Appleton, Chapman,

10, 11

Sellmeyer, Heavyside, Hartree and others. More recently, this

has also been & subject of intense study by plasma physicists,lz’ 13
but in this latter case the interest has meinly been centered around
the problems of wave propagation and emission in a highly ionized gas
in the presence of a strong megnetic field. In the present discussion,
however, it suffices to go back to the classical dispersion formulae
as derived by Lorentz and others to illustrate the point.

The propagation of a plane wave of amplitude E in & dispersive

medium can in general be represented by the following equation:

E= EoexP[i(wt - Yi;)] (1)

where

y=n—ik=(£-i-h—:q)l/2 (@)

in the complex probagation constent; w is the angular frequency; and
* = C/w is the free-space wavelength dived by 2 n. The real part
of the propagation constent n, known as the "refractive index."
determines the velocity of propagation; while the imaginary part k,
known as the "extinction coefficient," determines the rate at which
the emplitude of the electromagnetic wave sttenuates with distance

along the direction of propagation #. The refractive index n end the

extinction coefficient k are in turn related to the dielectric constant
€ and the electrical conductivity o through the second half of Eq. (2).
For an ionized gas in the absence of & strong magnetic field, the die-

lectric constant and the electrical conductivity are respectively given
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by (eccording to Lorentz, as modified by Sellmeyer, see Ref. 9)

w2 -
€=l-"2"'2—3 (3)
w + v
w_2y
bno = -5-2—-2 (L)
w * v

In the above expression, wp is the angular plasma frequency, which is
linearly proportional to the square root of the number density of free
electrons n,, such that (e being the electron charge, and m, being the

electron mass)

® = — Te (5)

The quantity v , known as the electron collision frequency, on the other
hand, is a complicated averaged quantity which measures the rate of
damping of tﬂe organized electron motion due to collisions with the
gas molecules, atoms and positive ions.ll However, in a dilute ionized

gas, one may write as en approximetion

’ 6)

where Ee is the mean thermal velocity of the electroms, n, and QJ

are respectively the number density and velocity-averaged momentum
transfer cross section for collision between an electron and the type-J
particle in the ionized gas. The summation sign is to extend over all

particles except the electrons.
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From the above expressions, it is seen that the rate of attenuation
of electromagnetic waves generaslly increases with the electron number
density and with the gas density.

In 1956, the author has made some rough estimates of the amount of
attenuation of radio frequency electromagnetic waves to be expected

through the shock layer and through the wa.ke,lh

using the above dis-
persion formulea and the then incomplete information concerning the
properties of the hypersonic flow field. Thg results are reproduced
here in Figs. 9, 10(a) and (b). The surprising conclusion was that even
at re-entry velocity corresponding to that of long range missiles (i.e.,
somewhat below the satellite velocity), it appeared very difficult to
overcome the'communication blackout" phenomenon during re-entry, except
perhaps through the use of extremely-low or extremely-high radio fre-
quencies., However, the basic information concerning the atomic and
molecular properties of high temperature air as well as the hypersonic
flow field was too incomplete and uncertain at that time to allow one
to consider such estimates very quantitative. To obtain quantitative
information, one needs to ‘know agein the precise thermodynamic state

of the gas in the various parts of the flow field; the chemical kinetic
processes which govern the rates of production and of disappearance of
free electrons; the momentum transfer cross sections of the wvarious
chemical species in much the same order as in the optical communication

problem.

THE PROBLEM OF SIMULATION

From the foregoing discussion it is quite clear that the problem
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of communication with a spacecraft during e re-entry crosses meny fields.
Its solution requires a simultaneous treatment of the fluid dynamics
problem, the chemical kinetics problem, and the problem of propaga-

tion of electromagnetic waves in an inhomogeneous hypersonic flow field.
Because of the complexity of the problem, there naturally arises the
question of whether one can obtain an analogue-type solution to the
overall problem through.the use of properly constructed scale model in
the laboratory without going into the iptermediate steps of understanding
the various processes. In other words, there is a question of whether
the re-entry communicetion problem can be easily simulated. Unfortunately,
the answer seems to be discouragingly negative as far as direct simulation
is concerned. The reasons are many. For one thing, the chemical kinetic
processes which govern the thermodynamic and chemical properties of the
flow field do not have a simple density dependence. For example, the
endothermic processes which govern the dissociation and ionization rates
of air in the shock compression region mainly involve binary collisions,
whereas the exothermic processes which govern the atomic recombination
rate and the electron attachment rate in the expension region mostly
involve ternary collisions. For binary reactions, the instantaneous
rates depend on the square of the local gas density; while for termary
reactions, the instantaneous rates depend on the cube of the local gas
density. This is illustrated by PFig. 11, which shows the various re-~
gions in the model size versus gas density plot in which the scaling of
the chemical reaction rates in the hypersonic wake is either binary,
ternary, or a combination of both.15 For another thing, in the pro-
pagetion problem, the refractive index n and the extinétion coeffic .

ient x not have a simple density end wavelength dependence (see Egs.
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1 through 6). Therefore, in order to obtain full simulation of all the
phenomena, one must duplicate the physical dimension of the spacecraft,
the free stream conditions, and the electromagnetic wavelength at the
same time.

While the problem of full simulation eppears very difficult, if not
impossible, it is fortunate that there is a natural separation between
the dynamics aspect of the hypersonic flow problem and the chemical
physies aspect of the hypersonic flow problem, in the sense that the
pressure and velocity distributions are relatively insensitive to the
equation of state of the gas. Similarly, there also exists & naturael
separation between the fluid dynamics problem and the electromagnetic
problem-of propagation, to the extent that within limits of the electro-
magnetic wave power density there is very little interaction between the
two phenomena. This, in effect, allows one to treat the three aspects
of the problem quite separately and to carry out partial simulation
vhenever appropriate. Final answer to the overall problem can then.be
obtained through Synthesis. We shall now illustrate how this can be
done:

Referring sgain to the schematic drawing of the hypersonic flow
field shown in Fig. 1, the pressure field is mostly controlled by the
shape of the bow shock (see Ref. 1). Due to continuous decrease in
strength of the bow shock wave away from the apex, the chemical re-
action and excitation processes occur mostly in those parts of the
fluid which are closest to the flight axis of the re-entering space-
craft (that is, the high enthalpy gas that has been processed by the
nearly normal portion of the bow shock wave). Since the total mass

of this gas is smell compared with the total mass of air engulfed by
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the bow shock wave, it has relatively little effect.on the overall
pressure field of the hypersonic flow. On the other hand, the bulk

of the gas which passed through the outer and relative weak part of
the bow shock wave experiences little temperature change and hence has
little chemical activity. Thus, the pressure distribution throughout
the hypersonic flow field can be determined quite reliably through

the application of hypersonic flow theories that have been developed
for perfect gases of constant specific hea.ts.l6 From the pressure
field so determined, the velocity field for the high enthalpy flow
near the flight axis cen in turn be-determined from the (nearly one-
dimensional) equation of motion. From the known pressure and velocity
fields, the time history of chemical reactions following each fluid
element can then be determined if all the chemical kinetic and excit-
ation rate constants were known.ll Knowing the distribution of chemical
species in the high enthalpy flow, the electromagnetic properties of
the hypersonic flow field can in tﬁm be calculated froam the atomic and
molecular p&‘operties of the various chemicel species. From the known
distribution of electrical properties of the flow field, a final sim-
ulation of the electromhgnetic propagation can be made through the use
of models made of suitable dielectric or diamagnetic material which
duplicate the distribution of the complex propagation constant of the
flow field.

What we just proposed is in effect to subdivide the entire simmla-
tion problem into three separate parts; namely, (i) an aserodynemic
simulation to determine the pressure and velocity field, using hyper=-
sonic wind tunnel or ballistic range fagilities which simulate the flight

Mach number end Reynolds number but not necessarily the stagnation
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enthalpy corresponding to the flight condition. In this connection,
existing hypersonic theories based on non-reacting perfect gases may
well be utilized;16 (ii) = chemical kinetics and etomic physics sim-
ulation, using high temperatures shock tubes or molecular beams to
determine the fundamental rate constants, excitation cross sections,
and other atomic and molecular properties of interest. Here, one may,
of course, enlist the help of existing chemicel kinetics and atomic
theories whenever appropriate; (iii) an electromagnetic simulation
using dielectric or diemagnetic models to study the antenna pattern
if existing propagetion theories prove to be inadequate.

Of the sbove three items, (i) is already adequately covered by
Mr. Potter earlier in this seasion;l7 (ii) is a topic which I would

like to elaborate on in a few moments; (iii) is a topic quite outside

the scope of the present session.
CHEMICAL KINETICS AND ATOMIC PHYSICS SIMULATICN

Within the remaining time available, I would like to view briefly
the problem of chemicel kinetics and atomic physics simulation. In
particular, T would like to highlight some of the significant results
which have been obtained from recent high temperature shock tube
studies in connection with the prbblem under consideration.

Considering the shock compression process across the bow shock wave
as a locally one-dimensional phencmenon, one can quite readily reproduce
all the chemical kinetic processes in the laboratory using & high tem-
perature shock tube. (Note that the flow ecross & plane oblique shock

wave is equivelent to the flow across a normal shock wave with a simple
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Galilean transformation in the direction tangential to the shock sur-
face.) The operating principle of a shock tube has been adequately
described in previous literatures.la As illustrated in Fig. 12, the
basic elements of this apparatus consist of Just a high pressure chamber
and a low pressure chamber connected by a suitable diaphragm. When the
diaphragm is ruptured, & shock wave is formed snd propagates down the
low pressure chamber during the early transient of the pressure equi-
lization process. Observetions can then be made of the various physical
phenomena at the downstream end of the low pressure chamber througﬁ the
use of suitebly fast detectors. By simple variation of geometry, the
shock tube can be adapted to perform quantitative experiments over wide
ranges of temperature, density and chemical composition of the gas
samples. With proper care, it is also possible to reduce all the un-
desirable effects, such as wall contamination, flow inhomogeneity, etec.,
to the level of smell perturbations. Thus, the resultant shock-heated
gas sample (that is, the region between the shock surface and the contact
disgontinuity in Fig. 12(b) ) approaches that of an idemlized one-dimen-
sional flow behind a plane shock wave. Figure 13 shows an actual photo-
graph of a relatively large diemeter shock tube which has been con-
struéted some time ago at the Avco-Everett Research Lsboratory for
chemical kinetic studies.

For simulation of the chemical kinetic processes behind a bow
shock wave in flight, it is now only necessary to duplicete the shock
veloeity and ambient air pressure in the laboratory. Figure 1k shows
the shock velocity and initial pressure ranges which are accessible to
shock tubes of various types.2o This may be compared with the velocity-

density regime of interest to the flight case shown in Fig. 2. Typical
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results showing the equilibrium spectral radiation intensity behind
the shock wave; the ratio between the peak nonequilibrium radiation to
the equilibrium radiation; the electrical conductivity of shock~heated
air; some of the momentum transfer cross sections between electiron and
neutral atoms; the electron density distribution behind a normal shock;
the pesk nonequilibrium electron density; and the characteristic ioniza-
tion distance behind the shock are illustratqd respectively in Figs. 15
through 21. For detailed information concerning the individual experi-
ments leading to the results Jgst presented, the readers are reférred to
the referenced literature indicated in the respective figure captions.
Finally, to illustrate how the chemical kineties information may
be utilized to determine the electromagnetic property of the hypersonic
flow field from & synthesis of the aerodynamics and chemical kinetics
simulation, a typical plot of the free electron number density distri-
bution in the weke of & sphere at hypersonic speed, and the absolute
root-mean-sguare electron density flucutetion in the wake, are illus-
trated respectively in Figs. 22 and 23.  Detailed descriptions of how

such synthesis was carried out mey be found in 'Refs.15 end 23.
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Figure 1: Weke behind blunt body at hypersonic speeds (after Lees,

Ref. 1).
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Figure 5: Ballintic camera photo of ICRM nose cone re-entry over the
South Atlantie, taken by the Avco<Everett Research Laboratory Re-entry
Experiments Operation (Ref. L).
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FLIGHT REENTRY EXPERIMENTS
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Herbert A. Wilson, Jr.
and
Robert L. Wright

NASA - Langley Research Center

INTRODUCTION

Reentry technology has long depended on the simulation provided by
vn'.nd' tunnels, shock tubes, arc jets, and e veriety of other ground facil-
ities to advance the ‘experimental verification of the results predicted
from theory or postulated empirically from previous tests. As the appli-
cation of informat_ion thus obtained approaches the point of aepplication
to the deéign of flight systems, the question of the extent to which the
information can he applied with confidence inevitably arises. Sources of
uncertainty are the assumptions necessary to ohtain theoreticel solutions,
the inadequacy with which the complex reentry environment can bhe totally
simulated on the ground, and the question of how well the ground facility
results have been validated by flight comparisons. Thus the value of
flight reentry testing is greatest when the tests either explore the
nature of a phenomenon, difficult or impossible to simulate on the ground,
or provide the validation for use of a system or concept developed from

ground-based research.
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The discussion presented outlines the current activity in flight
reentry research at the Langley Research Center in terms of the tech-
niques being used in a number of fiisht projects to investigate re-
entry enviromment, radio attenuation, materials behavior, and cbservable
phencmena.

Seversl of the other papers given in these proceedings have high-
lighted some of the difficulties of simulating flight reentry phenomena
in ground facilities. These center mainly on the size of the model that
can be tested, the duration of the test, and the level of the varlables
determining heating rate. Virtually all ground facilities make compro-
mises in at least one of these significant variebles. The nature of
these compromises is defined in figures 1, 2, and 3. Typical Mach number-
altitude corridors for ballistic and lifting reentry bodies currently of
interest are shown in figure 1. In figure 2, the capabilities of the so-
called “cold" hypersonic facilities are superimposed on the reentry cor-
ridors. These facilities {most notably the 22-inch helium tunnel) cannot
match the stream enthalpy, therefore are limited as to heating input, but
can provide high Mach ;umber besic fluid dynamics data. Capabilities of
the ."hot" h&peraonic facilities are shown overlaid on the same reentry
corridors in figure 3. These facllities give a reasonable simulation at
low velocity, but for increesing flow velocity, they generally tend to
fall off in their simulation of the heating. One exception is the expen-
sion tube which suffers the characteristic difficulty of shock-type facile
ities in thet the experiment time is small, that is, milliseconds or

microseconds instead of minutes.
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FLIGHT-TEST IMPLEMENTATION

A reentering body, generally speaking, first meets the atmosphere
at a high altitude and & high velocity and slows down as it penetrates the
atmosphere. Typical flight~test tresjectories and the atmospheric environ-
ment they traverse are shown in figure 4., The trajectories shown are the
Scout R-I and ST-8 reentries. The hashed area indicates a proposed mater-
iels test at 40,000 fps. All of the vehicles to be discussed later fly
trajectories similar to these, with the exception of the RAM (Radio Atten-
uation Measurements) vehicle, which flies & straightaway trajectory (not
shown) with all data obtained on ascent.

This figure also indicates several conditions, such as oxygen dis-
sociation, nitrogen dissociation, and ionization which characterize the
environment in different regimes and account for a variety of different
aerodynamic and flow-field effects. The region of the flight environment
of greates£ concern at the present is indicated as the Apollco Reentry
Envelope énd the current progrems for obteining dats in this envelope will
be discussed later.

Launch Vehicles

Flight progrems are often identified in terms of the launch vehicle
which may be misleading. Actually, the vehicles exist to support the pro~
gram, and not vice versa, but vehicle nomenclature does in many cases pro-
vide a convenient reference to the program. The launch wehicles currently
being used are shown in figure 5. The four-stage Pacemaker vehicle is a
low-cost vehicle capable of speeds of the order of 14,000 to 16,000 feet
per second. Its use ensbles low-cost flights for preliminary exploratory

work, and for flights providing some overlap with ground facilities.
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The payload capebility of the Pacemaker is approximately 40 pounds. The
RAM B vehicle is capasble of boosting 200 pounds on a straightawey, ascend-
ing trajectory to a velocity of approximately 18,000 feet per second. The
Trailblazer vehicle, used mainly in the field of reentry observables, im-
parts extremely high velocities {34,000 feet per second) to payloads on
the order of 5 grams when equipped with & shaped-charge gun as & last stage.

The workhorse for our heavily instrumental payloads is the Scout
vehicle which is used in both the four-and five-stage configurations. Re-
entry velocities and payload weights of 26,000 feet per second and 200
pounds, respectively, have been attained with the four-stage configuration
and 28,000 feet per second and 150 pounds in the five-stage configuration.
A photograph of the five-stage Scout vehicle in the launch tower is shown
in figure 6. It should be noted that everything forward of the third stage
is covered with a heat shield. Figure 7 shows a typical five-~stage Scout
reentry, in this case the ST-8 heating end environmental test which will
be discussed in detail later. Launched from Wallops Island, thé flight
plan called for'two stages .firing upward and three downward or reentry-
firing stages. A peek velocity of 22,500 feet per second was achieved
with impact southeast of Bermuda.

A recent development is the Project Fire vehicle which consists of
the Atlas<D boosting a second-stage X-259 motor equipped with a guidance
and control system and a 200-pound spacecraft (fig. 5). The second-stage
rocket and the guidence and control systems are adaepted from the Scout
vehicle. The Fire vehicle is capable of a reentry velocity of approx-
imately 38,000 feet per second.

Data Acquisition

The spacecraft used with the launch vehicles just described are
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tailored to the particular progrem requirements. A key factor in each
spacecraft is the selection of the sensors, transducers, and other data
ecquisition system components. A summary of the measurements and sensor
selection for the Fire Project Reentry spacecraft is shown in figure 8.
Figure 9 shows a block diagram of the instrumentation for a typical
spacecraft for monitoring and trensmitting the transducer data. Such
date as temperature measurements are usually commutated, while pressures
and accelerations are measured continuously. The telemetry system pro-
vides for broadcasting data in real time through one transmitter and
antenna system. Inasmuch as the reentering spacecraft experience com-
municetions blackout, it is necessary to circumvent this problem with a
delay train. A delsyed tape unit with a delay long enough to last through
the blackout period stores these data until the vehicle has slowed to less
than 10,000 feet per second. At this time, all of the measurements that
occurred during reentry are rebroadcast until impact. This technique hes
been very useful and is used on all of the five-stag; Scout reentry shots
and the fire Prodéct.

With a recoverable system, an onboard recoverable recorder will pro-
vide additional redundancy. On the Pacemaker vehicle, a recovery system
was developed, consisting of a sequence of drogue-chutes and parachutes
to provide a gradual descent into the ocean. Beacons provide locations
aids for rapid reéovery and all the data are obtained from the onboard

recorder. This recovery technique system is indicated in figure 10.
FLIGHT-TEST PROGRAMS

The preceding sections have reviewed the test conditions that can
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be simulated by ground facilities and flight tests, and outlined flight-
test implementation in terms of available launch vehicles and methods of
data acquisition. With this meterial as & background, the role of simu-
lation in flight reentry experiments cen be determined by looking at the
details of some specific flight programs. The flight programs to be dis-
cussed deal with investigations of one or more of the following problem
areas:

(1) Environmentel (heating);

(2) Materials response;

(3) Communications problems; and

(4) Observables.

These categories are essentially areas of interest which will provide
basic data for determining design parameters and trade~offs in the design of
a full-scale spacecraft that must reenter the earth's atmosphere, such as
Apollo or future interplanetary explorstion vehicles.

Environmental

Thé first environmental spacecraft to be discussed is the Scout ST-8
reentry packege. A photograph of the spacecraft is shown in figure 11.
Spacecraft components and pertinent dimensions are presented in figure 12.
The chief feature of the environmental peyload is the inconel nose cap
calorimeter, whose purpose was to provide quantitative total heat-transfer
information during the first 15 seconds of reentry. Beneath the inconel
nose cap was a teflon nose cap to protect the spacecraft and instrumentation
package. Ablation sensors were mounted on the front of the nose cap to
provide further information on the heating during the later part of the re-
entry. A canister contained the instrumentation, including the delay train
system described earlier, with the actual structure of the vehigle efter-

body serving as the antenna.
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The sequence of events during reentry is indicated on the velocity-
altitude diagram in figure 13. Low-level calorimeter heating data were
obtained above 300,000 feet. The prime heating data occurred as the
spacecraft descended from 300,000 to 200,000 feet, where the inconel cap
melted. After the inconel nose cap melted, the ablation sensors in the
teflon nose cap provided overall measurements of the ablation recession
due to total heat input. A typical temperature history obtained during
the prime heating period is shown in figure 1% to indicate the good quality
of the data obtained from the flight. ‘

A further step in investigation of hypervelocity environment has been
underteken by the Fire Project which has primary emphasis on the heat-
transfer process at lunar return velocity of about 38,000 feet per second.
Figure 15 is a representation of the total heet pulse and radiative heat
pulse that would occur for & reentry at 37,000 to 38,000 feet per second.
At this velocity, the totel heat is predominately convective, but the speed
is sufficiently high for the radiative heating to become appreciable. At
the outse£ of the Fire Prgject, there was considerable speculation on
vhether or not this radistive heating had a large input due to nonequi-
librium. A primery part of the Fire objective was to evaluate the non-
equilibrium radiation. Since then, however, estimates of nonequilibrium
heating indicate the problem to be considerably less serious than expected.
Nevertheless, a major objective of the Fire Project was the determination
of the total heating at high speeds and, in particular, the division of
the total heating between radiation and convection.

To facilitete this objective, total heat transfer was measured by
means of a rather complex succession of metal calorimeters on the front of

the spacecraft using thermocouples as sensors. Hot gas radiation was
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measured through windows in the stagnation region, at the shoulder of the
body, end in the afterbody. Spectral measurements were made at the stag-
nation location and total radiometers were provided at &ll three windows.
Materials response (regression rates) and radio attenuation information

was also obtained.

The Project Fire reentry package and its supporting structure (the
conical adaptor on top of the lest-stage motor) can be seen in figure 16.
The reentry package, similar in shape to fhe Apollo, had three calorimeters
which were designed to be effective at different times during the flight.
The reason for using three calorimeters is illustratedin figure 17. It
is obvious that a single calorimeter could not be designed to survive
the entire flight. The total heat pulse curve shows that portion of the
heat pulse for which each of the three calorimeters woulé. provide data.

An ablation materiel was placed between the calorimeters to protect the
subsequent calorimeter until exposure. Therefore, with this sequence of
calorimeters, enqush of the total heating pulse curve could be obtained so
that, wi%:h the aid of theory, the entire heat pulse curve could be deter-
mined. Figure 18 presents the mission profile and the major sequence of
events in the Project Fire trajectory. Reentry at a veloeity of 37,800
feet per second occurred in the vicinity of Ascension Island, U500 miles
downrange from Cape Kennedy, the lsunch site.

Figure 19 presents a summary of flight~test data avallable from
serodynamic heating environmental experiments. Most of the datza have been
obtained from blunt-nosed configurations. The Fire Spacecraft which was
Apollo shaped and the other heating projects were mainly blunt nosed. How-

ever, many of the spacecraft that will fly in the future will not necessarily
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be blunt-nosed hodiea by any means. An experiment on which preliminary
work is currently being performed, utilizes the long, slender and rela-
tively sharp cone shown in figure 20. The objectives of the experiment
are to determine turbulent heat-transfer results at a velocity of approx-
imately 20,000 feet per second (epproximately twice the speed for which
any similar data are available). These results are important not only
for long conical bodies, but for vehicles suéh as the space plane or any
type of glide reentry vehicle which operates at a relatively high Reynolds
number and dependslon radistion heat transfer to dissipate some of its heat.
Thus, this vehicle must be long (10 feet ) and flown at relatively low
eltitudes for at least a portion of its trajlectory to assure £urbulent
flow over the last part of the cone.

Materials Reponse

In the materials response area, as discussed earlier by Mr. Brooks,
there have been diverse predictions made from the available ground test
data. Flight tests therefore are useful for determining which predictions
are most relisble. A sectioned view of & 3-inch-diemeter specimen tested
in en arc-heated facility is shown in figure 21. A section of & heat
shield of the same material from a flight model which experienced a
similar total heating history is seen in figure 22, It is evident that
the char layer from the flight test is much thinner than that from the
ground test.

In other cases, phenomena difficult to test on the ground can be
investigated. Figures 23 and 24 show the results of a flight test to
determine possible effects on heat shield behavior of meteorite damage
before reentrf. The flat-faced model, roughly 6 inches in diemeter, is

shown in figure 23 hefore flight. Three ablation sensors were mounted
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across the front face and & 1/b-inch-diameter hemispherical crater was
located approximately 1 1/2 inches from the stagnation point. A second
indentation, simulating meteorite demage, is seen on the cylindrical
portion of the spacecraft. The spacecraft was test flown on the Pace-
maker vehicle and recovered. Figure 24 ghows the demage resulting from
the change in the flow field caused by the simulated meteorite damage.

The prime objective of the Scout 3—-& experiment, flown August 18,
1964, was to provide a real environment test of a candidate material for
the Apollo heat shield to verify test work done in ground facilities.
As the spacecraft and experiment were discussed fully in the presentation
by Mr. Brooks, no further discussion is considered necessary.

Communication Problems

The conmunicg.tions blackout or attenuation of radio signals due to
the ionizing sheath around a spacecraft during reentry is currently being
investigated by the RAM (Radio Attenuation Measurements) program. Figure
25 indicates the velocity regimes for various ionization reactions, in-
cludiné molecular, atomic, photo and electron-impact ionization. Also
noted in the figure are the regimes investigated by the RAM flight tests.
RAM A and B flights have produced good measurements of the attenuetion
for VHF C-band and X-band frequencies in the molecular ionization range
with straightaway or ascending flights. A considerable amount of work
has also been done in this regime with ICBM tests. Proposed RAM C flights
will investigate the velocity band where atomic ionization is fully develop-
ed. Future tests will measure the blackout region for flight velocities

sbove 30 ,OOO feet per second.

A diagram of the RAM C spacecraft is shown in figure 26. The space-

craft is 20 inches in diameter at the base, 38 inches long, and weighs
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several hundred pounds. The important things to note on the diagram are
the VHF, C-band, and X-band antenna systems with the associsted telemetry
equipment.

Figure 27 presents the C-band and VHF blackout regions. The bound-
sries were established with a combination of the theory and flight tesis.
RAM end Mercury trajectories from which some of these data were obtained
are indicated on the figure as is the proposed Apollo trajectory.

Observebles

NASA and the Smithsonian Astronomical Observatory are currently en-
gaged in a joint project whose purpose is to create artificial meteors.
The objectives of this project are found in figure 28.

Trailblazer I and 11 vehicles were used to impart reentry velociﬁies
of approximetely 34,000 feet per second to a simulated meteor. A S~inch-
diemeter rocket motor was mounted atop the four-stege vehicle., A shaped-
charge accelerator was connected to the fifth-stage spherical motor eas
shown in figure 29. After burnout of the fifth stage, the shaped t".ha.rge
is detonated, comﬁressing the spit-back tube into & pellet which is pro-
pelled through the inhibitor as an artificial metoer at extremely high
velocity. The velocity, deceleration, light intensity, and spectra of
the simulated meteor can be measured. Also, with the aid of ground test
firings, pellets can be recovered and the mass and shape determined.

Thus, by injecting an ertificial meteor of approximaetely knoun mass
at a known velocity and at a location where observation stations have been
placed, it is possible to calibrate observebles for natural meteors to
determine more accurately the luminous and ionization efficiency.

A typical meteor reentry flight profile is shown in figure 30. The

first two stages fire upward to attain an altitude of about a million feet
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and the last three stages and shaped-charge accelerator fire downward to
impart the needed reentry velocity. Leunched from Wallops Island, the pgllet
impacts some 100 nautical miles downrange, meking the east cosst from Wellops
to Hatteras available for setting up optical and radar chservation sites.
Other meteor simulation tests, using two~stage Nike~Cajun vehicles with the
shaped-charge accelerator, have produced reentry at lower velocities to pro-
vide luminous efficiency data over a range of reentry velocities. Figure 31
shows some results of the Meteor Simulation.Project. The theory of apik,
developed in 1958, for the luminous efficiency of meteors is indicated for

e range of reentry velocities.
CONCLUDING REMARKS

The foregoing discussion has shown the way in which flight testing
supplements, extends, and reinforces the usefulness of data from ground
test facilities. Flight tests can provide an anchor point in evaluating
ground test data. .Although flight tests can avoid some of the inherent
problems of ground facilities, they are expensive, putting s premium on
esch test to'provide the most date that can be acquired.

The portions of the reentry flight spectrum which can be simulated by
"hot" and "eold" ground facilities are reviewed and some of the current flight
programs for cbtaining data in the Apollo Reentry Envelope are discussed.

The programs are cstegorized as to (1) enviromment (heating), (2} materials
response, {3) communication problems, and (k) observables. A discussion
of the lsunch vehicles, unknown parameters, and methods of data acquisition

for each program is presented.
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Figure 2 Capabilities of "cold" hypersonic ground-test facilities
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Figure 23 Meteorite damsge ablation model before flight



Figure 2i Meteorite demage ablation model after flight
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BACKGROUND OF PILOTED SIMULATOR DEVELOPMENT
by
C. B. Westbrook

Wright-Patterson AFB

ABSTRACT

In this paper a review is made of the piloted simulation facilities
commonly used in the United States. An attempt is made to classify these
facilities and to understand how and vhy these facilities are needed and
came into being and how they are used. Some thoughts on the philosophy

of use of simulation are offered and conclusions presented.

INTRODUCTION

In recent years the use of piloted simulators has become more and more
widespread in the research and development process. In this paper a review
is made of the simulation facilities in use in the aerospace industry and
related organizations. An attempt is made to classify these facilities and
to understand how and why these facilities are needed and came into being,
and how they are used. It is hoped that this collection of information,
the codifications, and the conclusions may be of benefit to those who use
and are plenning to use simulstion facilities.

Before proceeding further, it is desirable to discuss the definition of
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the word simulator. As commonly used by various individuals of differing
interests, it has & rather widely vaerying definition. Simulators can be
considered in the most broad sense as facilities which will allow an analog
representation of s particular control element, combination of control
elements or the complete flight control - airframe - pilot system. This
would include simulators to obtain data on control hardware, the human pilot
and his display, the airframe with elesticity, and the complete system. This
peper is perticularly directed at pilotéd simulators, those in which & human
operator performs a control task; however, it is felt thet consideration of
the wide spectrum of simulators under this broad definition is useful in

giving a perspective view of the subject.
CATEGORIZATION AND DESCRIPTION OF SIMULATORS

There are numerous ways in which simulators can be classified or grouped.
Several ways will be discussed briefly. First there is the hazy concept of
compuiation as.differentiated from simulation. Another way of looking at
simulators is by the phase of research end development in which they are
commonly used. It will be observed that this division does not occur very
neatly. Finally, simulators cen be categorized relative to the element or
elements of the flight control system that they are intended to obtain in-
formation on. '

First, let us ’look at the area of simulators versus computation, for a
moment. In 1935, Mueller at Massachusetis Institute of Technology devised an
electrical device for solving the longitudinal stability equations. In
Reference 1.35 in addition to reporting the result of his work, he predicts

the possibilities of extending his device to real time and even to use of
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hand controls and perhaps investigation of pilot training. During World
War II and the years immediately following, repid progress was made in
development and application of differential analyzers. By 1948, electronic
analog computers of significance were beginning to be available. The
availability of these computers made possible the development of flight
control system simulators as we know them today. All major aircraft com-
panies in the United States have large general purpose analog computer
facilities, ranging in size from 200 to 600 operational amplifiers or even
larger. While simulators themselves, in a sense, these asnalog computers
are used both for general computational purposes and also for connection
with a cockpit and/or equipment to form s simulator.

While not & simuletor by any stretch of the word, digital computers
are maeking spectacular progress and have made improvement possible in
sclentific and engineering computations. A number of advanced operafional
flight simulators already use digital computers. It is undoubtedly true
that the availability of these powerful tools will meke possible further
drastic improvements in simulation as they have done elready in computation.

The phase of research and development of aerospace vehicles that you
are concerned with influences considersbly your choice of and use of simule~-
tors. These pheses can be listed as (1) research, (2) preliminary.design,
(3) development, (L) flight test and (5) training and operational use. First
i1s the research phese in which knowledge is gathered on various subjects of
interest. Upon initiation of & program to design and build a vehicle, the
preliminary design phase is encountered followed by detailed development of
the vehicle and all of its components. The flight testing phase has its
special needs for simulation. Finally, the phase is reached where the ve-

hicles are in production and use and the operational commands are faced with
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training and maintaining the proficiency of their crews.

Those using research and development simulators can thank the training
simulator people for providing the motivation for and the development of
many of the techniques and equipments necessary for what is used. Much‘of
the literature on simulation in past years now relates to this area. During
the early years, World War II and somewhat before, various techniques and
devices called trainers were developed to meet the vast training prcblems.
Hundreds of millions of dollars were spent on trainers during World War II
in the United States elone. Expert opinlon is that this expenditure saved
much over actual flight, in fact, that training in flight would have been im=~
possible. With +the aveilebllity of analog computers in the lete forties,
modern training simulators became a possibility. Also a factor was the
development and aveilebility of improved concepts and knowledge about servo
systems and components developed in World War II, especially in Germany.
Modern operational treining simuletors are large expensive devices ’ce.re-
fully designed to simulate as nearly as possible the actual cockpit envir-
onment and the characteristics of the production vehicle. As a matter of
fgct, however, numerous analyses have shown that these trainers can quickly
save far more than they cost in reducing expensive flight time needed to
maintain pilot proficiency particularly in such areas as instrument flight
and simulated emergencies.

There is no sharp line between the first four phases in the kind of
simulators used as will be apperent in later discussions. The operational
trainer because of the special needs and the special economic factors
involved has been essentially a clearly separated category. In view of the
very limited production of future vehicles and the.ir highly specialized and

complicated nature this sharp line of demarcation may not remain.



XI5~

Simulators do group themselves, to a degree, with regard to the element
or elements of the flight control system that they are to provide information
about. To illustrate my definition of the flight control system consider
Figure 1. This block disgram has a block representing the human piloct, a
block representing the control equipment needed inside the wehicle, and a
block representing the dynamic characteristics of the airframe. Simulators
a8 used with respect to each of these system elements will be discussed.

Finally and most important of all to the system engineer, simulators
to examine and evaluate the total flight control system consisting of all
these elements will be discussed.

Assemblies of the various components of, for example, the hydraulic or
electrical systems are often made. In some cases, these assemblies and the
test performed tend to become complex and to verge on what could be called
simulation. In general, however, the inclination is to call these bench or
leboratory tests unless combined with the airfreme dynamics and a pilot.

And now for & few words on the block representing the human pilot.

A great variety of simuletors have been and are being used to determine
men's tolerance to one or more of the environmental conditicns that he nay
encounter. There are centrifuges and various other devices to subject men
to accelerations, air bearing platforms and weter tanks td attempt to sim-
ulate zero g, and airplanes to actually demonstrate zero g. Chembers exist
to subject men to intolerable noise and chambers to impose absolute quiet.
Men have been exposed %o extreme cold and roasted to high temperatures in
other tests. Confinement capsules resembling cockpits and space cabins

are being utilized. Simulators have been and are being used to determine

the dynamic characteristies of the human pilot as a servo element.
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These simulators have been of the simple fixed base type and will be
discussed a little later when considering simulators to examine the com-
plete flight control system.

To & great extent, the discussion to this point has been in the nature
of giving perspective to the subject of simulation. This is important, it
is believed, in understanding each other, understanding how the trend to
simulation came about, and making determinations of future trends. At this
point, simulators of the complete flight éont;ol gystem will be discussed.
These, no doubt, are what many first think of when simulation is mentioned.

A bewlldering variety of simulators is being used to analyze the
flight control system as a whole. Figure 2 1s an attempt to break these
facilities down in some logical grouping. The first natural grouping is
between ground besed and flight.

Figure 2 divides the ground besed simulators into groups as to the
motions that can be imparted to the pilot; no motion, rotetions, trans-
letions, and combinations of rotation and translation. In Appendix I are
listed various flight control system simulators that are available. This
listing is undoubtedly not complete.‘ The class of simple cockpit - analog
computer simulator that is so common in the industry and the various re-
search orgenizations has been excluded.

The mejority of the fixed base, end the motion simulators as well, use
instrument displeys, these range from simple scope or dial instrument dis-
pleys to elaborate display simulators. External displey simulstors are be-
coming more common, usuelly for approach and landing studies, VIOL inves-
tigations, and to simulate the space enviromment. The complete mission of an

orbital vehicle can be simulated at a number of facilities.
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In & few cases, an attempt to simulete accelerations hes been made by
pulling on the shoulder straps or exerting pressure on the seat cushions.
This is indicated by the "pseudo G" block of Figure 2. The worth of this
feature in improving correlation of data with actual flight is not known.

It has become standard practice in alrcraft and missile development
to meke use of a cetegory of simulator that is called the “iron bird" or
the "iron monster". This category is of great importance in the design and
development process. The first step in the development of en “iron bird"
is normally the use of a simple cockpit ~ analog computer simulstor.
Simuletors such as this can be quickly built up and adapted to the problems
of the particuler mission and configuration by connection with the analog
computer facilities that are available in all companies.

As the design of the vehicle progresses and components of the control
system are designed and begin to be available, the "iron bird" simulstor
is built. Normally, these simulators go through a continuous refinen'xent
process all through the years of development starting with little actuel
equipment, then insertion of early components and then the production hard-
ware. The cockpit also normally shows such a growth starting with simple.
controls and presentation end finelly, in some cases, & very complete mock
up. In some cases where it is felt necessary, structural elasticity effects
are included to provide adequate simulation. The simulstion of the aero-
dynemic characteristics also undergoes continuous revision as knowledge of
the asirplane grows with analyses end wind tunnel tests performed.

In certain cases of extremely complex systems, a second partial "iron
bird" msy be built to obtain reliability and qualification information on
the system and the components in addition to the system performance informa-

tion normelly sought on the "iron bird".
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In some cases a final stage of simulation would be to connect the
actual airpalne system with analog computers to prove the performance.

Referring back to Figure 2, let us pass on to a brief discussion of
the various motion simulators in use. Very few, if any, simulators are now
available with only one rotational degree of freedom. Depending on the
intended function of the simulator, two or three rotational degrees of
freedom will normally be incorporated. An example of two rotations is the
pitch roll chair used in past years at NASA. A number of three rotational
degree of freedom simulators have recently coame into being, motivated beeic-
ially by interest in space vehicles, VIOL configurations, and reaction con-
trols. Many of these devices utilize air bearings and in some cases they
are quite elaborate. NASA - Lewis has a four gimbal type simulator in which
high spin rates are possible.

The rotation simulators of the Link trainer type have limitations on
the rotational travel. By incorporating initial motion into the simulator and
then "weshing out" the motion in actuality but continuing it on the instruments,
vhat is said to be a very effective simulation of continuous motion is ob-
tained. This cepasbility is incorporated in the Air Force general purpcse
simulator and is referred to in Figure 2 as “pseudo motion".

Centrifuges, as is known, have been used to produce steady g forces on
pllots to determine their tolerance and capabilities while enduring these
forces. At the Naval Air Development Center at Johnsville, Pennsylvanie, &
facility 1s availeble which combines a centrifuge with a piloted capsule with
two rotational degrees of freedom. Much interesting work was done on this
facility with respect to the X-15 program.

An interesting facility to simulate zero g was investigated by lockheed,

Marietta, Georgia. This facility simulates zero g by spinning e man submerged



~XI-9~

in water about his longitudinal axis.

The only simulator that the author knows of that has just one transla-
tional degree of freedom and no rotational freedom is the g seat at G/D,
designed to study turbulence at low altitudes. Normally if translational
degrees of freedom sre included some rotational degrees are also included
such as on the pitch - heaving g seats available at NASA -~ Langley and
North American, Columbus.

Grummen has a unique facility which incorporates pitch, roll, and heave.
It has both external and internsl display and incorporates "wash out" to
simulate large motions. It is especially useful for VIOL, low altitude
flight, and approach and landing studies.

A large simulator is evailable at Bell-Dallas to study VIOL problems.
This simulator has a three degree of freedom cabin mounted on a strut. This
strut can be moved up and down to provide heaving to the cabin and also can
be moved in the other two directions to provide a corrected vertical accelera-
tion as thé cabin is rotated.

NASA - Ames has a six degree of freedam simulator which has a three
rotation cabin able to translate to a limited degree in all three axes.

This would be intended for V/STOL and approach and lending studies.

Another impressive facility is the NASA - Ames facility having a three
rotational degree of freedom cabin able to translate vertically, manted on
a centrifuge.

A number of very elaborate and expensive simulators have been built or
are in construction to simulate various space missions, rendezvoué, docking,
lunar approach, and lunar landing. Expecially worthy of mention are the
several simulators at NASA - Langley, LOLA and the Lunar Landing Facility.

To provide the various motions to the simulators as discussed, results
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in edditional complexity end cost so that, in general, as we move from left
to right on Figure 2 the problems of eonstructing and operating the simula-
tors are increased.

The purpose in adding these motions to the simulastors, of course, is to
add fidelity to the simulation, improving the correlation with actual flight.
Unfortunately, this correlation is in a very imperfect stage and the answer
1o vhat is the minimum motion to provide acqeptable fidelity of simulation
is not available.

It is quite possible for motion of one sort or another introduced into
e simulator, while being impressive to see, to do more harm than good as far
as giving results comparsble to the flight situation. v

About fifteen years ago a8 a result of the newly developed knowledge and
ability in artificia]! stebility and computation, an idea was born of a flight
research facility which has been called the varisble stebility airplane. At
the present stege of edvanced concepts, a better name might be in-flight
a:l.mula.tion.. The latest versions do much more than vary the stability. 1In
Appendix II of this paper are listed all of the variable stability aircraft
of which the author has knowledge, in more or less chronclogical order. The
development of the concept and the increasing complexity aend elso capebility
of these aircraft can be followed by reading through this listing and the
descriptions. The listing starts with the Cornell-Navy FL4U-5 and has reached
its high point with the Air Force-Cornell T-33. The Air Force-Cornell T-33
has the features of varisble stability, control, feel, displey and L/D. It
has the capaebility to vary staebility and control characteristic_:s with time
such as occurs in a re-entry. It does not as yet have the ability to vary
CLu without varying other derivatives. This would be a desirsble addition.
The T-33 can also be used &8 & fixed base ground simulator by connecting it

to an analog computer in its hanger.
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In the area of V/STOL variable stability aircraft, NASA - Ames has &
limited veriable stability installation in an X~1b aircreft and NASA - Langley
has an installation in & helicoptgr. Coming in the future is a new aircraft,
the X-22, vwhich is designed from the beginning as a variable stability ma-
chine.

Being such a realistic simulator when properly done, the variasble sta-
bility eireraft is a most valuable research tool. It is also valuesble in
evaluation of preliminary design concepts and in training and indoctrinating
flight test pilots. The concgpt has been proposed for use in operational
trainers. Enthusiests have even proposed a universasl trainer using variable
stability ideas. Such thinking does not recognize the practical limitations
and difficulties that exist. There may be certain possibilities in this idesa
for the future, however.

Experience has shown that, in common with most flight tests, use of these
airplanes for research and development is expensive and time consuming for
each date point ob@ained. In the opinion of the author the most suitable
usage of these eirplanes is to meke final checks and correlations of data
points that have been explored as well as possible in ground simulators.

See Appendix III for extensive references to variable stability aireraft.

TYPICAL USE OF SIMULATION IN RESEARCH AND DEVELOPMENT

At this point it may be interesting to indicate what would be typical
use of simulators during the research and development cycle.

Figure 3 shows the various phases of this cycee. Relatively simple
fixed base simulators are widely used in research programs involving the

bumen pilot. For research purposes, this simplicity is not necessarily a
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handicep. It is more important to cafefully control the experiment and
specify the controlled element precisely than to come to as exact similitude
as possible.

There are many basic studies yet to be performed on the pilot~vehicle
combination for which extremely simple simulation is entirely adequate. For
example, use is still being made of Dr. Elkind's data, obtained at MIT many
yeears ago, following a target on a scope with an electronic pointer. These
basic studies and the associamted simple simulators are particularly suitable
for the university environment. One university, Princeton, has a variable
stabilit& sircraft, a Navion. It has a simple installstion, however, it is
a very effective tool for demonstrations end reseerch studies either by
thesis students or the faculty. Government facilities, as hes been shown,
have and operate many elsborate simulators for research purposes. There is
tendency for these studies to become oriented to some system under study or
development such as Apollo, SST, CX~HLS, é-th, etc. These studies then
tend to be related to one later phase of the research and develomment pro-
cess.

The three phases of primary importance to an aircraft company are shown
in the center of Figure 3. During the preliminary design extensive use of
the simple cockpit simulstor would be made to firm up design requirements
and to glve information on specific problem areas not sufficiently covered
by general research programs. <Considerable variation in the extent of these
programs would be caused by the mission and configuration. For instance, at
the present tipe this phase of simulation would be considerably higher if a
VIOL fighter were under consideration then if & more conventional fighter were
in design. As is no doubt obvious both the kinds of simulators used and the

types of programs conducted are very similar to those in the research phase.
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Variable stability aircraft can and have been of use in examining particular
problem areas of specific designs not sufficlently understood.

In the detailed development phase, heavy emphasis is laid on the "iroen
bird" simulator. In & not too sophisticated system most of the effort may
be placed on the equipment development and proof testing. Preliminary
exposure of the flight test group to the characteristics of the system will
be provided in order to allow proper planning of the flight test program.

In view of the elaborateness of the "iron bird" simulator, consider-
able expense is involved in both constructing and operating it. However,
its use is universelly endorsed by the industry, with no exceptions to the
knowledge of the author, as a time and money saver. Basically its use is &
function of the complexity of the design, the degree to which the design is
pushing the state of the art, and, related to the first two, the dollar cost
of the system. With the tremendous cost of bringing a design to the flight
test stage, the fantastic cost of flight test time, and the horrendous economic
waste caused by mistakes, miscalculations, and redesign, the "iron bird" is
felt by all to be an essential.

As the aircraft progresses into the flight test stage, increased em-
phasis mey egein be placed on the cockpit simulator. The dust may be brushed
off the simple simulator and it may be improved to demonstrate dangerous
conditions to the pilots and to guide the test program. The “"iron bird" is
utilized in evaluating the final equipment to be used in the production air-
craft.

If the particular design is conventional both in aerodynamic configura-
tion and its control system and is of relatively low performance, simulators
may not be used. A judgment that they are not needed would be based on the

economic factors referred to previously and to what could be called a
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"confidence factor". This “confidence factor" is a function of how sure the
engineers are of their knowledge and theoretical celculations. BSuch cases
with & high "confidence factor" will be very few in the future.

On the other extreme are the designs which push the state of the art
to the extreme such as Dyne Soar, and certainly Apollo. In these ceses
research type information is needed and will be gathered through all the
phases indicated. Extremely complex simulation can be easily jJustified on
the basis of the high cost of the total system. Much of the equipment is
necessarily of high performance or of new design and consequently needs
much simulator evaluation. Pilot training needs are much greater than
normal. In view of the research nature of many such vehicles, the oper-
ational use phase merges into the normal flight test phase with resulting
readjustments in the consideration of flight test and operational training
simulators.

Users of aircraft, the operational commands of the services and the
airlines, .are most concerned with the operational use phase. As has been
discussed, very elaboraée operational trainers have become very common,

The accent has been on procedural training. Exact matching of the dynamic
behavior has not been an essentisl objective and only recently have any
motion cues been considered worthy of providing. There is now interest in
the Air Force in providing motion cues to simulate variqus maneuvers and
emergency conditions. Even the asirlines have become interested as a result
of the recent series of incidents and accidents of jet transports caused by
turbulence initisted maneuvers. There has been c;nsiderable interest by the
airlines and FAA in use of a variable stsbility aircraft as a final operat-

ional trainer for SST operation.
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NEED FOR AND PHILOSOPHY OF USE OF SIMULATION

In the main, the discussion to this point has been concerned with "what"
simulators are availsble and in use. ©Oome of the discussion has been con-
cerned with "where" these simulators are used. Some comments have been made
as to "how" this trend became possible, basically the availability of com-
putation equipment end servo system knowledge and capebility. It may be
interesting to examine briefly some of the underlying reasons "why" this
trend hes become established and is expanding.

Fundementally, simuletors are used where basic knowledge is wesk,
complex interrelationships are not fully understood and celculations,
estimates, or jJudgments are not trusted. In other words the confidence
factor, referred to previously, is low. Also involved are the economic
factors. With a modern complex weapon system, the costs of carrying & de-
sign through the flight test phase may be a billion dollars or more. Shown
on Figure 4 are some facts on system costs. If we were to include systems
such as Apollo, of beyond, on the chart the costs would really go to an
asymptote. When we examine the configuration, the speed regimes to be
traversed, and the complexity of" the wvehicle to perform its mission, the
reaesons for differences in cost between the Wright Flyer and the F-111
become gpparent. These economic "facts of life" underlie any discussion
of the trend to simulation.

Another factor to be considered is the fact that for modern systems
there may be no extensive production, as such, to eliminate "bugs”. Under
such conditions major errors or deficiencies in the design are intolerable.

The use of simulation is &ffected by the philosophy of development of

new aircraft in a country. Rapid exploitation of the state of the art invites
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the "cut and try" approach. Such & philogsophy has been followed in the
United States, exemplified by the research series of aircraft. If the
development of Qev types of eircraft proceeded at a slow steady pace,
research would normally be properly accomplished prior to initiation of
the design and a designer would not have the compulsion to use such ex-
tensive simulation. This repid pace of development application of know-
ledge, however, has become 8 way of life and it is not believed that it
will change under present conditions.

From the sbove factors a continual and increasing trend toward complex
simulation can be predicted. There is a very real danger involved, however.
Simulators are not only costly in dollars to build and operate but more
importantly they are costly in technical talent to operate. Techniewn
talent of high grade is not plentiful and if too much is tied up in w.-u
related to simulation, to the detriment of analytical studies and planning,
the consequences can be serious. Most serious of all is the type of attitude
that sometimes develops, to simulate without thinking. This is deadly. It
results in blind.repetitive programs of little real worth.

This is not to imply opposition to simulation, to the contrary. Rether
it is a plea for their intelligent use.

Ancther thought related to the above is with regerd to the organization
of simulator groups. It is the author's feeling that simulator groups many
times tend to look on the aimulaior_facility as their goal and try to con-
tinually develop and improve it whether it is needed or not. It appears much
prefersble for an organization to be problem oriented, heving and using

simulators as necessary to solve their problems.
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CONCLUSIONS

In the preceding discussion an attempt has been made to give some
perspective to the subject by classificetion of simulators in various ways,
& review of various facilities available in the United States and some
historicai background given. Discussed in more detail were flight control
system simulators, particularly the "iron bird"” type used extensively in
development. An indication of the typical use of simulators in research
and development was madei Final}y some notes on the need for any philosophy
of use of simulstors were made.

In closing, it can be stated that simulation is a tool, use it as such

and do not let it use you.

The assistance of R. Sickeler, P. Pietrzsk and F/L Harris, RCAF in pre-

paring the Appendices following is acknowledged.
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VIRGINIA ENGINEERING EXPERIMENT

STATION

DIRECTOR

Aerospace Engineering
Architecture (School)
Business (School)
Ceramic Engineering
Chemical Engineering
Chemistry

Civil Engineering
Electrical Engineering
Engineering Mechanics
Geological Sciences
Industrial Engineering
Mathematics

Mechanical Engineering
Metallurgical Engineering
aning Engineering
Physics

Wood Construction

683
265
243
440
548
248
258

- 281

409
245
279
285
262
206
382
380
296
488



NTIS does not permit return of items for credit or

refund. A replacement will be provided if an error

de in filling your order, if the item was received
damaged condition, or if the item is defective.
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Reproduced by NTIS

National Technical Information Service
U.S. Department of Commerce
Springfield, VA 22161

This report was printed specifically for your
order from our collection of more than 2 million
technical reports.

For economy and efficiency, NTIS does not maintain stock of its vast
collection of technical reports. Rather, most documents are printed for
each order. Your copy is the best possible reproduction available from
our master archive. If you have any questions concerning this document
or any order you placed with NTIS, please call our Customer Services
Department at (703)487-4660.

Always think of NTIS when you want:

e Access to the technical, scientific, and engineering results generated
by the ongoing multibillion dollar R&D program of the U.S. Government.
® R&D results from Japan, West Germany, Great Britain, and some 20
other countries, most of it reported in English.

NTIS also operates two centers that can provide you with valuable
information:

¢ The Federal Computer Products Center - offers software and
datafiles produced by Federal agencies.

e The Center for the Utilization of Federal Technology - gives you
access to the best of Federal technologies and laboratory resources.

For more information about NTIS, send for our FREE NTIS Products

and Services Catalog which describes how you can access this U.S. and
foreign Government technology. Call (703)487-4650 or send this
sheet to NTIS, U.S. Department of Commerce, Springfield, VA 22161.
Ask for catalog, PR-827. '
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Address

Telephone

- Your Source to U.S. and Foreign Government
Research and Technology.
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